Use of Controlled Spate Irrigation for the Improvement of Sorghum Growth and Productivity in North Darfur State by Ahmedai Abdalla, Salih
 1
ِﻢﻴِﺣﱠﺮﻟا ِﻦﻤْﺣﱠﺮﻟا ِﷲا ِﻢْﺴِﺑ  
Use of Controlled Spate Irrigation for the 
Improvement of Sorghum Growth and Productivity 
in North Darfur State 
 
By 
 
Salih Ahmedai Abdalla Mohamed 
B.Sc. Agric. ( Economics ) 
Alexandria University , Egypt , (1977) 
 
Diploma  
Environmental Science and Technology  
International Institute for Hydraulic and   Environmental 
Engineering 
 
Delft Technology University , The Netherlands (1984) 
M .Sc. ( Agric ), U. of K, May 2002 
 
 
A thesis  
   Submitted to the University of Khartoum in fulfillment of the 
requirements for the Degree of Doctor of Philosophy in 
agriculture 
 
  
Supervisor : Prof. Mukhtar Ahmed Mustafa 
 Co-Supervisor : Dr. Maki Abdallatif Omer 
Desertification and Desert Cultivation Studies Institute 
(DADCS) 
  
Faculty of Agriculture  
University of Khartoum  
 
September 2008  
 
 
 
 2
 
 
 
 
 
Dedication 
To the soul of my father 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3
ACKNOWLEDGEMENT 
In the course of study I would like to express my gratefulness to my 
supervisor Professor Mukhtar Ahmed Mustafa and Co-supervisor Dr. 
Mekki Abdellatif Omer as they inspiring guidance, consistent supervision 
and valuable advices. 
I would like to thank the Ministry of Agriculture and Irrigation, Ministry 
of Finance, Al Fashir University for their financially supported the field 
work and trips during the two seasons. Also I am most grateful to the 
directors of the Administrations Land Use and Desertification Control 
and Forestry in Al Fashir, Mr. Jafar Hassein Madani and Abu Baker 
Yousif Abdalla. 
I wish to express my appreciation to the Practical Action of the North 
Darfur State for their support to visit the villages and sites of water 
harvesting projects round Al Fashir. 
My thanks to the institutes, departments, administrations, labourers and 
individuals who helped me during the study.  
  
 
 
 
 
 
 
 
 4
Abstract 
A split-plot field experiment was conducted in two consecutive seasons   
(2006-2007) in Al-Fashir University Farm in North Darfur State to 
investigate the impact of controlled spate irrigation on the growth and 
yield of two sorghum varieties, namely Wad Ahmed and Tabat. The soil 
was classified as fine loamy, mixed, isohyperthemic Typic Haplocambid. 
The irrigation treatment consisted of adding Supplementary irrigation at 
three available depletion (AWDL) namely 25, 50 and 75 %. The 
irrigation treatments accommodated main plots and sorghum varieties 
sub-plots. The main plots were arranged in randomize block design. The 
soil was initially filled to field capacity and a daily water balance method 
was used to monitor AWDL. When an AWDL reached a predetermined 
value, water was applied to raise the soil moisture to field capacity.  
In both seasons, Wad Ahmed variety gave significantly greater 
germination percentage, plant height, leaf area index and number of heads 
than Tabat variety.In general, the germination percentage was low due to 
termites and low seed quality. Thus, transplanting was made to 
compensate for this low germination. For both seasons, the mean plant 
height and leaf area index ranged from 147.5 to 168.4 cm and from 3.9 to 
6.7, respectively. The range of the mean number of heads was 77 to 143. 
The impact of the growth components was reflected on fodder fresh and 
dry matter yield. The mean fresh fodder yield of Wad Ahmed was 
significantly 33% and 37% greater than that of Tabat in the two 
successive seasons. The mean dry matter yield of Wad Ahmed was 11.2 
ton/ha in the first season and 12.8 ton/ha in the second season. 
The mean thousand grain weight (TGW) ranged from 26.0 to 29.5 g. The 
effects of treatments were not significant in the first season. In the second 
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season, Tabat gave significantly greater TGW than Wad Ahmed. In 
general the grain yield was high ranging between 6.2 and 9.4 ton/ha. Wad 
Ahmed gave significantly greater yield than Tabat in the first season. 
However, in the second season the impact of variety was not significant.  
In general, supplementary irrigation improved sorghum growth and yield. 
Furthermore, in most cases, application of water at 25% AWDL gave 
better growth and yield than at 50 or 75% AWDL. However, the impact 
of the different AWDL was not significant because of the random 
variation of occurrence and quantity of rainfall. 
The experiment showed that controlled spate irrigation using harvested 
water offers a great potential for improving crop production in North 
Darfur.  
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 ﻤﺴﺘﺨﻠﺹ ﺍﻟﺩﺭﺍﺴﺔ
 
ﻓﻲ ﻤﺯﺭﻋﺔ ﺠﺎﻤﻌﺔ ﺍﻟﻔﺎﺸﺭ ﺒﻭﻻﻴـﺔ ( 7002-6002)ﺃﺠﺭﻴﺕ ﺘﺠﺭﺒﺔ ﺤﻘﻠﻴﺔ ﻓﻲ ﻤﻭﺴﻤﻴﻥ ﻤﺘﺘﺎﻟﻴﻴﻥ 
ﺸﻤﺎل ﺩﺭﺍﻓﻭﺭ،  ﻭﺫﻟﻙ ﻟﺩﺭﺍﺴﺔ ﺘﺄﺜﻴﺭ ﺍﻟﺭﻱ ﺍﻟﺘﻜﻤﻴﻠﻲ ﻋﻠﻰ ﻨﻤﻭ ﻭﺍﻨﺘﺎﺠﻴﺔ ﺼﻨﻔﻴﻥ ﻤﻥ ﺍﻟﺫﺭﺓ ﺍﻟﺭﻓﻴﻌﺔ 
ﺴﻼﺴل ﺘﺭﺏ ﺍﻷﺭﻴﺩﻴـﺴﻭﻟﺯ ﺍﻟﻁﻤﻴﻴـﺔ ﻭﻟﻘﺩ ﺼﻨﻔﺕ ﺍﻟﺘﺭﺒﺔ ﻜﻭﺍﺤﺩﺓ ﻤﻥ " ﻁﺎﺒﺕ" ﻭﺩ ﺃﺤﻤﺩ ﻭ " ﻫﻤﺎ
ﺍﺸﺘﻤﻠﺕ ﻤﻌﺎﻤﻼﺕ ﺍﻟﺘﺠﺭﺒﺔ ﻋﻠﻰ ﺼﻨﻔﻴﻥ ﻤﻥ ﺍﻟﺫﺭﺓ ﺍﻟﺭﻓﻴﻌﺔ ﻭﺭﻱ ﺘﻜﻤﻴﻠﻲ ﻋﻨـﺩ ﺜﻼﺜـﺔ . ﺍﻟﻨﺎﻋﻤﺔ
  % .57ﻭ % 05، ﻭ %52: ﻤﺴﺘﻭﻴﺎﺕ ﻤﻥ ﺍﺴﺘﻨﻔﺎﺩ ﺍﻟﻤﺎﺀ ﺍﻟﻤﻴﺴﺭ ﻟﻠﻨﺒﺎﺕ ﻫﻲ
. ﺍﺴﺘﺨﺩﻤﺕ ﺍﻟﻘﻁﻌﺔ ﺍﻟﺭﺌﻴﺴﻴﺔ ﻟﻤﻌﺎﻤﻠﺔ ﺍﻟﺭﻱ ﻭﺘﺤﺕ ﺍﻟﻘﻁﻌﺔ ﺃﻱ ﺍﻟﻘﻁﻌﺔ ﺍﻟﺼﻐﺭﻯ ﻟﺼﻨﻑ ﺍﻟﻨﺒـﺎﺕ 
ﺒﺩﺍﻴﺔ ﺭﻭﻴﺕ ﺍﻟﻘﻁـﻊ ﻭﺭﻓﻌـﺕ .  ﻟﻜل ﻤﻌﺎﻤﻠﺔ ﺃﺭﺒﻌﺔ ﻤﻜﺭﺭﺍﺕ ﺭﺘﺒﺕ ﻓﻲ ﺍﻋﻤﺩﺓ ﻋﺸﻭﺍﺌﻴﺔ ﻭﺤﺩﺩﺕ
. ﺭﻁﻭﺒﺘﻬﺎ ﻟﻠﺴﻌﺔ ﺍﻟﺤﻘﻠﻴﺔ ﻭﺍﺴﺘﺨﺩﻤﺕ ﻁﺭﻴﻘﺔ ﻤﻴﺯﺍﻥ ﺍﻟﻤﺎﺀ ﺍﻟﻴﻭﻤﻲ ﻟﻤﺭﺍﻗﺒﺔ ﺍﺴﺘﻨﻔﺎﺩ ﺍﻟﻤﺎﺀ ﺍﻟﻤﻴـﺴﺭ 
ﻭﻋﻨﺩﻤﺎ ﻴﺼل ﺍﻟﻤﺎﺀ ﺍﻟﻤﻴﺴﺭ ﺍﻟﻤﺴﺘﻨﻔﺩ ﺍﻟﻨﺴﺒﺔ ﺍﻟﻤﺤﺩﺩﺓ ﺘﺭﻭﻱ ﺍﻟﺘﺭﺒﺔ ﺒﻜﻤﻴﺔ ﻤﻥ ﺍﻟﻤﺎﺀ ﺘﺴﺎﻭﻱ ﻜﻤﻴـﺔ 
 .ﻔﺩﺍﻟﻤﺎﺀ ﺍﻟﻤﺴﺘﻨ
ﻤﻌﻨﻭﻴﺎﹰ ﺒﻨﺴﺒﺔ ﺍﻨﺒﺎﺕ ﺃﻜﺜﺭ ﻭﻨﺒﺎﺕ ﺃﻁﻭل ﻭﺩﻟﻴل ﻤﺴﺎﺤﺔ ﻭﺭﻗﺔ " ﻭﺩ ﺃﺤﻤﺩ "ﻓﻲ ﺍﻟﻤﻭﺴﻤﻴﻥ ﺠﺎﺩ ﺼﻨﻑ 
ﻭﻋﺎﻤﺔ ﻜﺎﻨﺕ ﻨﺴﺒﺔ ﺍﻹﻨﺒﺎﺕ ﻤﻨﺨﻀﺔ ﻨﺘﻴﺠـﺔ ". ﻁﺎﺒﺕ" ﺃﻋﻠﻰ ﻭﻋﺩﺩ ﻤﻥ ﺍﻟﺴﻨﺎﺒل ﺃﻜﺜﺭ ﻤﻥ ﺼﻨﻑ 
 ﺍﺴﺘﺯﺭﺍﻉ ﻨﺒﺎﺘﺎﺕ ﺃﺨﺭﻯ ﻟﺘﻌﻭﻴﺽ ﻀﻌﻑ ﺏﻤﻤﺎ ﺍﺴﺘﻭﺠ . ﻟﻺﺼﺎﺒﺔ ﺒﺎﻷﺭﻀﺔ ﻭﻋﺩﻡ ﺠﻭﺩﺓ ﺍﻟﺘﻘﺎﻭﻱ 
ﻭﻓﻲ ﺍﻟﻤﻭﺴﻤﻴﻥ ﺘﺭﺍﻭﺡ ﻤﺘﻭﺴﻁ ﻁﻭل ﺍﻟﻨﺒﺎﺕ ﻭﺩﻟﻴـل . ﻭﺘﺤﺴﻴﻥ ﺘﺄﺴﻴﺱ ﺍﻟﻤﺤﺼﻭل ﻋﻤﻠﻴﺔ ﺍﻹﻨﺒﺎﺕ 
ﻭﺘﺭﺍﻭﺡ ﻋﺩﺩ ﺍﻟﺴﻨﺎﺒل . ، ﻋﻠﻰ ﺍﻟﺘﻭﺍﻟﻲ 7.6 ﻭ 9.3 ﺴﻡ ﻭﺒﻴﻥ 4.861 ﻭ 5.741ﻤﺴﺎﺤﺔ ﺍﻟﻭﺭﻗﺔ ﺒﻴﻥ 
ﻭﻟﻘﺩ ﺍﻨﻌﻜﺱ ﺘﺄﺜﻴﺭ ﺍﻟﻤﻌﺎﻤﻼﺕ ﻋﻠﻰ ﻤﻜﻭﻨﺎﺕ ﻨﻤﻭ ﺍﻟﻨﺒﺎﺕ ﻓـﻲ ﺇﻨﺘـﺎﺝ ﺍﻟﻌﻠـﻑ . 341 ﻭ 77ﺒﻴﻥ 
ﻤﻥ ﺍﻟﻌﻠﻑ ﺍﻷﺨﻀﺭ ﺃﻜﺒﺭ ﻤﻌﻨﻭﻴـﺎﹰ ﻤـﻥ ﺫﻟـﻙ "  ﺃﺤﻤﺩ ﻭﺩ" ﻭﻟﻘﺩ ﻜﺎﻥ ﺇﻨﺘﺎﺝ . ﺍﻷﺨﻀﺭ ﻭﺍﻟﺠﺎﻑ 
ﻤﻥ " ﻭﺩ ﺃﺤﻤﺩ " ﻭﻟﻘﺩ ﻜﺎﻥ ﻤﺘﻭﺴﻁ ﺇﻨﺘﺎﺠﻴﺔ . ﻓﻲ ﺍﻟﻤﻭﺴﻤﻴﻥ ﺍﻟﻤﺘﺘﺎﻟﻴﻥ % 73ﻭ % 33ﺏ " ﻟﻁﺎﺒﺕ"
 .ﻫﻜﺘﺎﺭ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻨﻲ/  ﻁﻥ 8.21ﻫﻜﺘﺎﺭ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻷﻭل ﻭ /  ﻁﻥ 2.11ﺍﻟﻌﻠﻑ ﺍﻟﺠﺎﻑ 
ﻡ ﻴﻜﻥ ﺍﻟﺘﺄﺜﻴﺭ ﻤﻌﻨﻭﻴﺎﹰ ﻓﻲ ﺍﻟﻤﻭﺴـﻡ ﻭﻟ.  ﺠﺭﺍﻡ 5.92 ﺠﺭﺍﻡ ﻭ 62ﻟﻘﺩ ﺘﺭﺍﻭﺡ ﻭﺯﻥ ﺍﻷﻟﻑ ﺤﺒﺔ ﺒﻴﻥ 
 .ﺍﻷﻭل
ﻭﻋﻤﻭﻤـﺎﹰ ﻜﺎﻨـﺕ " . ﻭﺩ ﺃﺤﻤﺩ "ﺒﻭﺯﻥ ﺃﻋﻠﻲ ﻤﻌﻨﻭﻴﺎﹰ ﻤﻥ " ﻁﺎﺒﺕ" ﻭﻟﻜﻥ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻨﻲ ﺠﺎﺩﺕ 
ﺍﻨﺘﺎﺠﻴـﺔ " ﻭﺩ ﺃﺤﻤﺩ " ﻭﻟﻘﺩ ﺃﻋﻁﻲ . ﻫﻜﺘﺎﺭ/  ﻁﻥ 4.9 ﻭ 2.6ﺇﻨﺘﺎﺠﻴﺔ ﺍﻟﺤﺒﻭﺏ ﻋﺎﻟﻴﺔ ﻭﺘﺭﺍﻭﺡ ﺒﻴﻥ 
  .ﺍﻟﻔﺭﻕ ﻤﻌﻨﻭﻴﺎﹰﻭﻟﻜﻥ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻨﻲ ﻟﻡ ﻴﻜﻥ " ﻁﺎﺒﺕ" ﺍﻋﻠﻰ ﻤﻌﻨﻭﻴﺎﹰ ﻤﻥ 
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ﻭﻓﻲ ﻤﻌﻅﻡ ﺍﻟﺤﺎﻻﺕ ﺃﻋﻁﻲ ﺍﻟﺭﻱ ﻋﻨـﺩ . ﻋﺎﻤﺔ ﺤﺴﻥ ﺍﻟﺭﻱ ﺍﻟﺘﻜﻤﻴﻠﻲ ﻨﻤﻭ  ﺇﻨﺘﺎﺠﻴﺔ ﺍﻟﺫﺭﺓ ﺍﻟﺭﻓﻴﻌﺔ 
ﻤـﻥ % 57 ﺃﻭ 05ﻤﻥ ﺍﻟﻤﺎﺀ ﺍﻟﻤﻴﺴﺭ ﻨﻤﻭ ﺇﻨﺘﺎﺠﻴﺔ ﺃﻓﻀل ﻤﻥ ﺍﻟﺭﻱ ﻋﻨﺩ ﺍﺴـﺘﻨﻔﺎﺩ % 52ﺍﺴﺘﻨﻔﺎﺩ 
 .ﺭﻭﻟﻜﻥ ﻟﻡ ﻴﻜﻥ ﺍﻟﺘﺄﺜﻴﺭ ﻤﻌﻨﻭﻱ ﻨﺘﻴﺠﺔ ﻟﻠﺘﺒﺎﻴﻥ ﺍﻟﻌﺸﻭﺍﺌﻲ ﻟﻨﺯﻭل ﻭﻜﻤﻴﺔ ﺍﻷﻤﻁﺎ. ﺍﻟﻤﺎﺀ ﺍﻟﻤﻴﺴﺭ
ﻟﻘﺩ ﺃﻭﻀﺤﺕ ﺍﻟﺘﺠﺭﺒﺔ ﺃﻥ ﺍﻟﺭﻱ ﺍﻟﺘﻜﻤﻴﻠﻲ ﺍﻟﻤﻘﻨﻥ ﻤﺴﺘﺨﺩﻤﺎﹰ ﺤﺼﺎﺩ ﺍﻟﻤﻴﺎﻩ ﺘﺘـﻴﺢ ﺇﻤﻜﺎﻨﻴـﺔ ﻫﺎﺌﻠـﺔ 
 .ﻟﺘﺤﺴﻴﻥ ﺇﻨﺘﺎﺠﻴﺔ ﺍﻟﻤﺤﺎﺼﻴل ﻓﻲ ﺸﻤﺎل ﺩﺍﺭﻓﻭﺭ
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CHAPTER ONE 
INTRODUCTION 
Greater Darfur consists of three states North, South and West Darfur. 
North Darfur State lies between latitudes 12º N and 20º N and longitudes 
21º 52¯ E and 27º 54¯ E and had a population of 1.3 million which 
according to 1993 census, a mounts to 4% of Sudan total population and 
has an annual growth rate of 3.2%. Eighty percent of the population live 
in rural areas and depend on natural resources for subsistence. The 
economy of the state is based on traditional rain-fed farming, animal 
rearing and petty trading representing about 80%, 15% and 5% of the 
household income, respectively. 
The landscape consists of repeating patterns of sand dunes and clay loam 
depressions separated by gentle slopes. The physiography characterized 
by gentle undulating to nearly level uplands with 600 to 900 m above sea 
level. Various hills and mountains exist in Darfur and Jebel Marra with 
maximum elevation of 3042 m and covering an area of about 8000 km². 
North Darfur State lies in the semi-arid and arid belt of the African Sahel. 
Rainfall increases gradually from north to the south varying from zero in 
the desert to 400 mm in the south. 
According to the FAO soil classification 1988, the identified soil forming 
parent materials included: basernent complex, volcanic formation, qoz 
and Nubian sandstone and the following soil associations: qoz 
(Arenosol), Atmur (Arenosol, Cambisol), Naga (Cambisol) and Buta 
(Vertisol).The key features, which adversely affect agriculture are the low 
and erratic rainfall. In general, climatic variation increases as the mean 
rainfall decreases. the local community practice rain-fed cultivation in the 
semi-desert areas. Suitable species were grown like sorghum and millet as 
the main food crops. 
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The drainage lines are numerous short seasonal khors and wadis, which 
eventually drain into big wadis e.g. wadi El Ku. Surface runoff rainwater 
is the major source of surface and ground water. During the rainy season, 
the numerous "wadis" (water coarse) carry large quantities of water 
which are not efficiently utilized. There is need to introduce 
supplementary irrigation for efficient utilization of this water and 
improvement of crop productivity. Crop production is improved by the 
use of special techniques such as fallows and water harvesting.  
In the dry areas, water, not land, is the most limiting resource for 
improved agricultural production. Maximizing water productivity, and 
not yield per unit of land, is therefore, a better strategy for dry farming 
systems. Under dry conditions, more efficient water management 
techniques must be adopted. Supplementary irrigation is a highly efficient 
practice with great potential for increasing agricultural production and 
improving livelihood in the rain-fed areas. 
Water harvesting is the collection and storage of rainwater for irrigation 
and other uses. The water harvesting systems are relatively small 
operations in terms of catchments, volume of storage and capital 
investment ( Boers and Ben Asher, 1984 ).  
 Crop production in Darfur is limited by low rainfall. This promoted the 
practice of runoff agriculture, where runoff rainwater is harvested from 
slopes and used for growing crops on low-lying arable lands. The 
effectiveness and efficiency of water harvesting techniques are affected 
by climate, physiography, soil and vegetation (Ben Asher et a l ., 
1985).The common types of water harvesting systems in North Darfur 
State is the microcatchment and water spreading, which divert water out 
of a"wadi" or "khor" onto bunded fields with earth embankments to trap 
overland flow.  
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The traditional method used consists of capturing runoff water in a piece 
of land with embankments, waiting for the water to percolate and then 
seeding. This method is referred to hereafter as flood basin. In most cases, 
this method shortens the season and gives yields below the potential. 
Some fieldwork indicated that early planting after the first showers with  
subsequent supplementary irrigations is more efficient and productive. 
This method will be referred to as supplementary irrigation method. In 
North Darfur State, supplementary irrigation is practiced in "Malam Al 
widyan" project. 
Supplementary irrigation is important because the provision of small 
quantities of water at critical times allows earlier planting, life- saving 
irrigation to carry crops through dry periods. 
 Water harvesting technology is especially relevant to semi-arid and arid 
areas where the problems of environmental degradation, drought and 
population pressure are most evident. A number of projects have been 
established in sub-Sahara Africa to alleviate the effect of drought, 
improve plant production and rehabilitate degraded lands (Critchley and 
Reij, 1989). 
In the Africa Sahel where land degradation is rampant there is urgent 
need to develop sound technologies for resource management that 
optimize the efficient use of the limited water and soil resources to 
achieve sustainable agricultural production (SivaKumar and Wallace 
1991;Mando, 1991).  
Degraded soils in the sub – Saharan zone have low production because of 
their low fertility status and inadequate water supply (Lal, 1991; Bremen, 
1977). According to Lal (1997), soil improved productivity may be 
improved by increasing water infiltration and storage in the soil. The soil 
water – holding capacity is intimately linked to its texture, structure and 
organic matter content (Hillel, 1980; Ouattara, 1994). 
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The general objective of this study is to investigate the integrated impact 
of rainwater harvesting technique, supplementary irrigation and soil 
management on the yield and water use efficiency of two sorghum 
varieties. The specific objectives include: 
a- Investigation of the effect of supplementary irrigation at three    
     available water depletion levels, namely, 25, 50 and 75% on       
    sorghum yield and water use efficiency. 
b- Comparison of the yield and water use efficiency of two local           
       sorghum varieties namely "Tabat" and "Wad Ahmed". 
c- Identification of soil moisture regime and collection of data        
     base. 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Crop water requirement 
2.1.1 Concepts and definitions 
2.1.1.1 Evapotranspiration 
A growing plant takes up water by its root system. This water is then 
transmitted through the xylem to the leaves from which water is lost by 
transpiration through the stomata. Other water vapor may reach the 
atmosphere by direct evaporation from the soil or wet plant surfaces, e.g. 
leaves. The combined transpiration and evaporation process is called 
evapotranspiration (ET). Burman et al. (1983) defined evapotranspiration 
as "the combined process by which water is transferred from the earth 
surface to the atmosphere. It includes evaporation of liquid or solid water 
from the soil and plant surfaces plus transpiration of liquid water through 
plant tissues expressed as the latent heat transfer per unit area or its 
equivalent depth of water." Evaporation and transpiration occur 
simultaneously, and it is rather difficult to separate the two processes. 
Factors affecting evapotranspiration include climatic, soil and crop 
factors as well as  management and environmental conditions. 
2.1.1.2 Potential crop evapotranspiration 
Jensen (1974) defined potential evapotranspiration (ETp) as "the ET from 
a well- watered crop like alfalfa with 30 to 50 cm top growth. Penman 
(1948) used chipped grass similar to a lawn to develop his version of the 
combination equation." Recently, this has been defined as "the rate of 
evapotranspiration from an extensive surface of 8 to 10 cm green grass 
cover of uniform height, actively growing, completely shading the ground 
and not short of water" (Doorenbos and Pruitt, 1977). The relationship 
between crop evapotranspiration (ETcrop) and ETp is as follows: 
 ETcrop = kc ETp 
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Where kc is the crop coefficient, which depends upon the type of crop, 
stage of growth, density and other cultural factors that affect 
evapotranspiration. 
2.1.1.3 Reference crop evapotranspiration 
Reference crop evapotranspiration (ETr) was widely used in Western 
United States and many other places as an alternative to ETp. Jensen et al. 
(1970) defined it as" the upper limit or the maximum evapotranspiration 
that occurs under given climatic conditions from a field having a well-
watered agricultural crop with an aerodynamically rough surface, such as 
alfalfa with 12 to 18 inch top growth". In this case ETcrop is estimated by 
the following equation: 
ETcrop = kc ETr 
2.1.1.4 Crop water requirement 
Crop water requirement (CWR) is defined as: "the depth of water needed 
to meet the water loss through evapotranspiration (ETcrop) of a disease-
free crop, growing in a large field under non-restricting soil conditions 
including soil water and fertility and achieving full production potential 
under the given growing environment." Estimation of CWR is undertaken 
in three successive steps namely estimation of ETr and kc and 
considering the effects of variation of climate over time, distance and 
altitude, field size, advection, soil water availability, salinity, method of 
irrigation and cultivation methods for which the local field data is 
required (Doorenbos and Pruitt, 1977). Usually salt leaching requirement 
(LR) for salt-affected soils is added to ETcrop to give CWR (Mustafa et 
al. 1989b). Thus CWR may be estimated by the following relationship: 
CWR = ETcrop + LR 
2.1.1.5 Irrigation water requirement 
The irrigation water requirement (IWR) may be determined for both short 
and long periods or on seasonal basis. It is defined by Doorenbos and 
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Pruitt (1977) as:" the depth of water needed to meet the water loss 
through ET of a disease-free crop, growing in large fields under non-
restricting soil conditions including soil water and fertility and achieving 
full production under the given growing environment." The efficiency of 
the irrigation system (Ei) should be taken into consideration. In some 
cases water in addition to the CWR is added for realizing other beneficial 
effects, e.g. germination and crop establishment, moderation of climate 
and fertilizer application.  The IWR may thus be estimated by the 
following relationship: 
IWR = CWR/ Ei – Pre + Wbu 
Where Pre = effective precipitation, which is the amount of precipitation, 
which is useful or usable in any phase of crop production, Wbu = water 
for beneficial uses other than salt leaching.  
2.1.2 Methods for the assessment of crop water requirement 
As mentioned in section 2.1.1.4, CWR is estimated by determination of 
ETp or ETr, kc, ETcrop and LR for salt-affected soils. Three sets of 
methods are used for the assessment of ETr and hence CWR. These 
include the micrometeorological methods, the water balance methods and 
the empirical methods. In this section, only a concise summary is given. 
2.1.2.1 Micrometeorological methods 
The energy required for evapotranspiration must come from outside the 
plant and it is an integral part of the energy balance equation. This vision 
constitutes the basis of the energy balance method for determining ET. In 
the atmosphere the vapor is carried away by the wind. Thus, the 
evapotranspiration process is further controlled by turbulence and mixing 
processes in the atmosphere around and above the plant. This constitutes 
the basis of the aerodynamic method for determining ET. 
(A) The energy balance method 
The energy balance equation may be written as follows: 
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H = Ri (1-r) + Rd – Ru = Ri (1 – r) – Rb = E + Q + S 
Where H = the net radiation, Ri = the incoming short-wave radiation, r = 
the reflection coefficient of the surface, Rd = the incoming long-wave 
radiation, Ru = the outgoing long-wave radiation, Rb = Ru – Rd = the net 
back long-wave radiation, E = evaporation or latent heat transfer to the 
atmosphere, Q = sensible heat transfer to the atmosphere and S = sensible 
heat transfer to the soil. Using the net radiation, the energy balance 
equation may be written as follows: 
H = E + Q + S 
Subtracting S from both sides and dividing them by E we get the 
following: 
H – S = 1 + Q/E = 1 + β 
Where Q/E =β, which is called Bowen ratio. Rearranging, we get the 
following equation, which may be used for calculating evaporation or 
ETr: 
E = (H – S) / (1 +β) 
H may be measured using a net radiometer and S by a heat flux meter. E 
may also be calculated directly from the energy balance equation. 
(B) The aerodynamic method 
This is a mass transfer method that considers the vertical movement of 
eddies above a large homogeneous surface. These eddies transport water 
vapor and energy from and towards the evaporating surface. By assuming 
steady state conditions and that the eddy transfer coefficient for water 
vapor is proportional to those for heat and momentum. 
The equation for calculating evaporation or ETr by the wind profile 
method is as follows: 
ETr = (ρ ε/P) k2 (e1 – e2)(u2 – u1) / [ (Z2-d)/Z1-d)]2 
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Where ρ = air density, ε = the ratio between the water vapor and dry air 
densities at the same temperature and pressure (= 0.622), P = total air 
pressure, k = von Karman constant (=0.41), e1 and e2 = vapor pressure at 
the first and second heights from the surface, respectively, u1 and u2 = 
the wind velocity at the first and second heights from the surface, 
respectively, d = displacement of ground level upward by the crop, 
z=wind speed at two different elevations. This method requires the 
measurement of vapor pressure and wind speed at two heights from the 
ground surface. 
(C) The combination method 
Penman (1948) and later Penman-Monteith (FAO, 1998) method 
combines both an energy and an aerodynamic term and thus it is referred 
to as the combination method. The method is highly recommended and 
fully described by FAO (1998). 
2.1.2.2 Water balance Methods 
These methods yield direct measurement of ETcrop for short (irrigation 
interval) or long periods (e.g., season) using the following water balance 
equation: 
Pr + I – R = ETcrop ± ∆ M + D 
Pr = precipitation, I = irrigation water, R = surface runoff, ∆ M = soil 
moisture storage, D = deep percolation.  As written, the equation assumes 
absence of capillary rise and subsurface flow. They include soil moisture 
depletion from experimental plots or large fields and the lysimeter. 
Mustafa and Abdel Magid (1982) used experimental plots and the 
following equation for computing ETcrop in summer when Pr = 0: 
ETcrop = I + ∑ (%Mbi – %Mei) Bi di / 10 
Since the soil is a clay soil and the measurement was made for 1 meter 
profile, D was assumed equal to zero. For earth-bounded plots, R was 
equal to zero. 
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The lysimeter, which is a container that may be planted, isolates the root 
zone from its environment and thus permits the accurate measurement of 
the various water balance terms.  
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2.1.2.3 Empirical methods 
Many empirical methods have been developed by many scientists to 
estimate ETr using different climatic data (table 1). Because of their 
empiricism, they apply to the set of conditions for which they were 
developed. However, they were used for places of the same climatic 
zones. Testing their accuracy under a new set of conditions is laborious, 
time-consuming and costly. FAO (1977) developed detailed guidelines 
for the estimation of ETr by four empirical methods, namely Blaney - 
Criddle, Radiation, Penman and Pan Evaporation. Penman-Monteith 
mehod was later described in detail (FAO, 1998). The Jensen and Haise 
method is elaborated in this section because it was used for estimating 
ETr for Al Fashir area to help in supplementary irrigation scheduling. 
Mustafa et al. (1989a) recommended its use for estimating ETr in Saudi 
Arabia.  
A. Jensen -Haise Method 
The Jensen -Haise Method (Jensen and Haise, 1963) is another procedure 
for estimating ET from climatic data. The method classified as a solar 
radiation method, air temperature and the coefficients such as elevation 
and long term mean temperature. The method produces an estimate of an 
alfalfa trE  and also presented a solar radiation method for estimating tE o  
for grass. The Jensen-Haise method is as follows: 
tr T x sET C (T T )R= −                                                                             (1) 
Where trE  has the same units as sR  and is compatible with alfalfa based 
crop coefficients. 
T
I H
1C
C 7.3C
= +                                                                                  (2) 
H
2 1
50mbC
e e
= −                                                                                        (3) 
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Table 1. Climatic data needed for the different methods 
Method Temperature Humidity Wind Sunshine Radiation Evaporation Environ
y-Cridble * + + +   +
tion * + + * **  +
an * * * * **  +
vaporation  + +   * 
*   Measured data; 
+  Estimated data; 
** If available, but not essential 
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Where 2e  is the saturation vapour pressure of water in mb at the mean 
monthly maximum air temperature of the wormest month in the year 
(long term climatic data), and 1e  is the saturation vapor pressure of water 
in mb at the mean monthly minimum temperature of the wormest month 
in the year. 
1
38 2EC
305
−=                                                                                        (4) 
Where E= the site elevation in meter, mb = millbar . 
x 2 1
ET 2.5 0.14(e e )
550
= − − −  
B. Blaney. Criddle Method  
The Blaney Criddle method (Blaney and Criddle, 1945) is based on the 
principle that ET is proportional to the product of day length percentage 
and mean air temperature. The monthly constant of proportionality has 
been called the crop growth stage coefficient. The method has been 
revised many times and a recent major revision was published by FAO 
(Doorenbos and Pruitt, 1977). The FAO variation of the Blaney – Criddle 
method is as flows: 
To 4 4TE a b′=                                                                                              (1) 
f = p (0.46 T+8)                                                                                       (2) 
Where ToE  is in mm/d,p is percentage of day time hours of a day 
compared to the entire year and T is the average monthly air temperature. 
The numbers 4a  and 4b  represent the intercept and slope of straight line 
relationship between ToE  and f .The relationship recommended, 
representing mean value over the given month, is expressed: 
[ ]ET C P(0.46T 8) mm / day= +o  
Where  
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ET =o reference crop evapotranspiration in mm/day for the month 
considered. 
T= mean daily temperature in oC over the month considered.  
P= mean daily percentage of total annual day time hours  obtained for a 
given month and latitude 
C = adjustment factor which depends on minimum relative humidity, 
sunshine hours and daytime wind estimates.  
C-Pan Evaporation Method  
p pET k E=o  
Where pE  = pan evaporation in any desired units, for example mm/d,     
pk =  dimensionless pan coefficient, and, ETo   reference crop ET (grass) 
in the same units as pE . 
D- Radiation method  
The radiation method is essentially an adaptation of Makkink formula 
(1957). It uses measured air temperature, sunshine and cloudiness but not 
wind humidity.  
( ) /sET c w R mm day=o  
Where ETo = reference crop evapotranspiration in mm/day for the periods 
considered. 
R s = solar radiation in equivalent evaporation in mm /day  
W = weighting factor which depends on temperature and day altitude.  
C = adjustment factor which depends on mean humidity and day time 
wind conditions 
E- Solar radiation (R s)  
The amount of radiation received at the top of the atmosphere (R a) part 
of Ra is absorbed and scattered when passing through the atmosphere. 
The remainder is identified as solar radiation (Rs) and it is dependent on 
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( )aR .Rs can be obtained from measured sunshine duration records as 
follows: 
R s = (0.25+0.50 n/N) Ra 
Where n/N is the ratio between actual measured bright sunshine hours 
and maximum possible sunshine hours. 
2.1.3 Consumptive water use of crop  
2.1.3.1 Concept and definition 
The original Blaney-Criddle equation (1950) involves the calculation of 
the consumptive use factor (f) from mean temperature (T) and percentage 
(p)total annual daylight hours occurring during the period being  
considered. Consumptive use can be defined as" the amount of water 
potentially required to meet the evapotranspiration needs of vegetative 
areas so that plant production is not limited by lack of water" 
. ( . /100)CU K f K P T= =  
Where k is coefficient factor  
2.1.3.2 Water use efficiency  
Several definitions of water use efficiency have been given but the 
general definition employed by agronomists is the amount of dried matter 
produced per unit of water used. 
yield per unit area
water used toproduce yieldWUE =  
In some cases the shoot yield only is taken as the dry matter yield and the 
grain yield is not included in the equation. Gregory(1987)considering 
water use efficiency for the semi-arid tropics  viewed it in terms of total 
shoot dry matter production (N),and the various ways in which water can 
be lost. Thus he expressed it by the equation: 
/
1 ( ) /
N TWUE E R D T= − − −  
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Where N is the total dry matter, T is transpiration, E is evaporation, R is 
runoff and D is drainage. 
2.2 Irrigation scheduling 
Irrigation scheduling is the process of determining when to irrigate and 
how much water to apply per irrigation. Proper scheduling is essential for 
the efficient use of water, energy and other production inputs. 
2.2.1 Scheduling strategies 
Irrigation schedules are designed to either fully or partially provide the 
irrigation requirement. 
2.2.1.1 Full Irrigation 
Full irrigation involves providing the entire irrigation requirement and 
results in maximum production. Exceeding full irrigation reduces crop 
yields by reducing soil aeration and restricting gas exchange between the 
soil and atmosphere.  
2.2.1.2 Supplementary irrigation  
Supplementary irrigation is defined as partially supplying the irrigation 
requirement. It reduces yield as smaller amount of water, energy and 
other production inputs are used to irrigate the crop. Supplementary 
irrigation is also used when the water supply or the irrigation system 
limits water availability. Supplementary irrigation is accomplished by 
allowing planned stress during one or more periods of growing season. 
2.2.2 When to irrigate 
Several different methods are used to determine when to irrigate. They 
are classed into plant indicators, soil indicators and water budget 
technique. 
2.2.2.1 Plant indicators 
Monitoring plants is the most direct method of determining when to 
irrigate and it depends on plant appearance and growth, leaf temperature, 
leaf water potential and stomata resistance. 
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2.2.2.2 Soil indicators 
(i) Appearance and feel  
(ii) Gravimetric sampling 
(iii) Tensiometer. 
(iv) Porous Blocks 
(v) Neutron scattering  
2.2.2.3 Water budget technique methods  
It is similar to soil indicator methods and instead of measuring soil water 
content, it is computed using the following equation: 
1 100 ei i
rz
Et p iDθ θ −
−⎡ ⎤= − ⎢ ⎥⎣ ⎦  
Where 
1,i iθ θ − = the soil water content in percent by volume at the end of day i 
and day i-1, respectively, ET = evaporation, Pe = precipitation, Drz = 
depth of the root zone.  
2.2.3 Amount to apply per irrigation  
Once it has been determined that it is time to irrigate, the usual practice is 
to fill the root zone to field capacity. The amount of water required to do 
this is given by the following equation: 
( )rz c
i
D fIRR E
θ−=  
Where θ  = percent water content of the soil prior to irrigation, 
rzD = depth of the root zone, cF = field capacity and iE = irrigation 
efficiency   
2.3 Farm irrigation Systems 
Farm irrigation systems must supply water at rates, in quantities, and at 
times needed to meet farm irrigation requirements and schedules. They 
divert water from a water source, convey it to cropped areas of the farm 
and distributed it over the area being irrigated (Games,1988). 
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Functions of farm irrigation systems  
1. diverting water from the water sources. 
2. conveying it to individual fields within the farm. 
3. distributing it within each field. 
4. providing a means for measuring and regulating flow. 
Other functions of farm irrigation systems include crop and soil cooling, 
protecting crops from frost damage, delaying fruit and bud development, 
controlling wind erosion, providing water for seed germination, 
application of chemicals and land application of liquid wastes.  
 Types of irrigation systems are: 
a) Diversion methods 
There are two primary ways of diverting surface and ground waters: 
gravity diversions and pumping plants. 
(1) Gravity diversion 
The most common type of gravity diversion uses a turnout to admit water 
from an open water source into farm canals and pipelines. Turnouts 
normally include a means of regulating and measuring inflow to farm 
such as weirs and sluice gates or valves. 
(2) pumping plants 
Pumping plants are used when water must be lifted from the water 
source. Pumping plants normally have one or more horizontal or vertical 
centrifugal pumps powered by either electric motors or internal  
combustion engines. 
(i) Pumps: Horizontal centrifugal pumps are normally used with surface 
sources of water and springs. Vertical centrifugal pumps can be used with 
either surface or ground water. Vertical centrifugal pumps are more 
difficult to maintain. The power unit may be located above the water 
surface or submerged beneath the pumps. 
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(ii) Power units: Electric motors and internal combustion engines are the 
most common power units for irrigation pumps. Animal – and human 
powered pumps are utilized in locations where electricity and fuel are 
either not available or too expensive.  
b) Conveyance methods 
Water is conveyed from water source to cropped areas of the farm in 
networks of open channels and / or pipelines partially open to the 
atmosphere or pressurized. 
(i) Open channels: they are usually graded in the direction of flow and 
may be either lined or unlined. 
(ii) Pipelines: on-farm pipe networks are classified as open or closed 
depending on whether the system is open to the atmosphere. Both types 
of pipelines can be laid on the ground surface or buried. Low head 
pipelines are open to atmosphere and heads in these pipelines seldom 
exceed 15 m. Pressurized pipelines normally supply application systems 
that require more than 6 m of head. 
c) Application systems 
Sprinkler, trickle and surface (gravity) irrigation systems are used to 
distribute water to crops. 
(i) Sprinkler systems: they apply efficiently, have relatively high capital 
costs and low labour requirements and use more energy than application 
methods. 
(ii) Trickle systems are based on the fundamental concepts of irrigating 
only the root zone of the crop and maintaining the water content of the 
root zone at near optimum levels.  
(iii) Surface (Gravity) irrigation systems they generally require a smaller 
initial investment, more labour investment and apply water less 
efficiently than other types of irrigation systems. 
(d) Flow measurement and regulating methods 
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Weirs, flumes and orifice plates are the most commonly used devices to 
measure flow in open channels. In pipelines, venturi meters, orifices 
elbow meters, rotating mechanical flow meters, Ultrasonic devices and 
various types of pilot tubes are used to measure flow. Flow measuring 
and regulating devices should be located in the diversion facilities to 
measure and control system inflow, where flows are divided between and 
within fields and at other critical points throughout the system. 
2.4 Supplementary irrigation 
2.4.1 Introduction 
Water is essential for germination of seeds, emergence of seedlings, 
transport of nutrients and photosynthesis. The average yield of irrigated 
crops, under comparable climatic conditions is higher than under rain-fed 
conditions, because the application and distribution of water is well 
controlled. Centuries ago, irrigation enabled civilization to establish 
permanent sites of residence in arid and semi-arid lands. It was estimated 
that 86 million ha throughout the world now need improvement of both 
the main and on-farm systems for distributing and applying irrigation 
water. Food production can be increased by improving water storage and 
conveyance and on-farm systems for distributing and applying irrigation 
water. The FAO also estimates that by 1990, developing countries will 
need 22 million ha of new irrigated land and 45 million ha will need 
improvement. In arid areas annual precipitation is generally less than 200 
to 250 mm and irrigation is the primary source of water for crops. 
Normally, farm crops can not be grown in arid areas without irrigation. 
Irrigation requirements depend on precipitation, soil type and the rooting 
depth of the crops. Precipitation provides some of the water needed by 
crop and also it decreases daily evapotranspiration (ET) by decreasing 
solar radiation, increasing humidity and reducing advection. 
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2.4.2 Need for supplementary irrigation in dry land  
In arid areas, crops require irrigation to meet ET needs, but soils must 
also receive additional water to leach accumulated salts from the root 
zone. Water from streams and aquifers contains dissolved solids and 
repeated irrigations lead to accumulation of salts in the root zone as plants 
extract water thereby concentrating the salt solution in the soil. 
Additional water above ET requirements must be applied to the soils for 
leaching to minimize the yield reductions and to sustain agriculture in the 
area. Where natural drainage is not sufficient to remove the water that 
percolates through the root zone, then artificial drainage must be 
installed.  
The increase of population in the arid lands, water needs for cities and 
industries, increase the competition for available water supplies. Many 
factors that are resulting in an increase in irrigation efficiency, including 
the rapid urbanization that is occurring in arid areas, increase in labour 
and material costs, use of sprinkler and other systems have caused 
growers to improve their ability to control irrigation application. The 
demand on water supplies is steadily increasing and in many areas the 
ground water supplies are being depleted. Irrigation is the largest 
consumer of water   and, hence, has received a great deal of attention 
during the last decade and will be receiving greater attention in the future. 
Many production areas revealed significant increases in crop yields and 
quality due to supplementary irrigation (Bamatraf et al., 1989). Rain- 
water harvesting constitutes the most important source for supplementary 
irrigation of dry land crops in various agro-economical zones. The 
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shortage and difficulties of drilling ground water underlines the 
importance of water harvesting as a sustainable water source in all zones. 
Small dams can provide for aquifer recharge when properly designed and 
play a role in integrated resource conservation. 
2.4.3 Supplementary irrigation systems 
 - Sprinkler systems are the most common types used in humid areas. 
Recent advancements in mechanization of sprinkler systems have 
resulted in the installation of principally permanent set, solid set, or 
mechanized mobile systems. 
 - Seepage systems or subsurface irrigation system distributes water 
through a series of ditches to maintain a water table to irrigate the 
crop. 
The self-propelled, traveling gun units were introduced in 1966. The 
traveler is a large sprinkler mounted on a four-wheel transport and 
powered by an internal combustion engine, a water turbine, water piston, 
or oil hydraulic motor. 
2.5 Rain-fed agriculture 
2.5.1 Climatological zones of the Sudan  
Ecological zones in the Sudan can be classified using different methods, 
vegetation cover (Harrison and Jackson, 1958), aridity index (Ayoub 
1998) and climatological factors (Adam, 2002). Vegetation cover method 
classified the country into arid zone (desert) constituting about 29% of 
the area with mean annual rainfall less than 100 mm, semi-arid zone 
constituting about 20% of the Sudan with 150 – 300 mm mean annual 
rainfall, savannah-low rainfall constituting about 13% with mean annual 
rainfall 300 – 500 mm, savannah-medium rainfall 14% with mean annual 
rainfall 500 – 800 mm, savannah-high rainfall 13.8% with mean annual 
rainfall of 800 – 1500 mm and mountain areas. According to the aridity 
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index the country was divided into 5, namely, hyper-arid zone which lies 
north latitude 16o, arid zone lies between latitudes 13 – 16o-N, semi-arid 
zone located between latitudes 10 – 13oN, dry-sub-humid zone (6 – 10oN) 
and humid zone (3 – 6oN). The modern classification (Ayoub, 1999) used 
the Climatological factors which resulted in the divisions zones (Table 2). 
 
Table 2. Climatological zones of the Sudan 
No. Region 
Area   (1000 
km2) 
Area    
(%) 
Population 
(million) 
Population 
% 
1 Hyper-arid 7760 31.2 3.6 12.9 
2 Arid 6300 25.3 10.8 38.6 
3 Semi-arid 7760 31.2 10.4 37.7 
4 Sub-
humid 
1720 6.5 1.6 5.8 
5 Humid 1460 5.8 1.4 5.0 
Total 25000 100.0 27.8 100.0 
2.5.2 Agricultural sectors of the Sudan   
The agricultural sectors in Sudan include the fishery, rain-fed, irrigated, 
pastures, forestry and wildlife. The area under rain-fed cultivation is 
about 36 million feddans constituting about 18% of the total cultivated 
area which is about 200 million feddans. The rain-fed sector can be 
divided into two sub-sectors, traditional rain-fed and semi-mechanized 
rain-fed. 
2.5.2.1 Traditional rain-fed agriculture 
People practice shifting cultivation around the homestead using hand 
tools and burning the bushes. The size of the cultivated land is small and 
they shift to another piece of land when it becomes less fertile. The use of 
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(terus) cultivation is widely spread in the middle and central Sudan. 
"Terus" is a piece of land bounded by embankments from three sides to 
harvest runoff water. Also water spreading techniques and micro-
catchments are used. Terus cultivation is practiced in mountain areas 
(Jebel Marra).  The crops grown are vegetables, groundnuts, sorghum, 
green gram, black gram, oil palm, cotton and other crops. 
2.5.2.2 Semi-mechanized rain-fed 
The cultivated area is about 14.3 million feddans. Tractors are used in 
land preparation and ploughing, and harvesting is carried out manually. 
2.5.3 Extent and role 
In the past, agricultural sector used to contribute with 90% of the national 
income since 1956 and after the oil export the contribution declined to 
35%. At that period the national income depends mainly on cotton, gum 
Arabic and livestock as a main source of the income. The major reasons 
for declining of national income from this sector were the low prices, 
decreased productivity, investment and lack of marketing. Also the 
capital inputs were lacking and the government invests in irrigated sub-
sector than taking the risk in the rain-fed sub-sector.   
The agricultural sector is characterized by the availability of land, water 
and climate for crop production. According to 1993 census the population 
in 2004 is about 35 million from which 65% depend on the agricultural 
sector. The production of food and commodities exceeded demand and 
consumption and the surplus is for export. 
2.5.4 Constraints 
About 65% of the population depends mainly on rain-fed cultivation and 
it was estimated that the cropped area during the fifties was 5 million 
feddans and it was increased to 23 million feddans in the nineties. This 
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sector is characterized by low investments and capital, lack of production 
techniques, erratic and variable annual amounts of rainfall, pests and 
diseases and marketing. 
 
2.6 Sorghum productivity under rain-fed traditional farming 
2.6.1 Sorghum production under dry conditions 
Drought is defined as where a dry soil or a hot dry wind causes 
substantial reduction in crop performance in terms of either plant survival 
or economic yield or crop quality. Drought escape is defined as when 
drought-sensitive stages of plant development are completed during the 
part of the season when drought is not present. Drought tolerance is 
defined as the ability of a cultivar to produce a greater economic yield 
than another cultivars when they are subjected to soil or atmospheric 
drought (Hall, 2001). 
Plants often are more drought tolerance during the vegetative stage than 
during early flowering or fruit development stages. Plants producing dry 
grain are tolerance to late-season drought than plants producing fleshy 
fruits. Late drought tends to result in small seed because it has little 
influence on the number of seeds produced but strongly reduces the 
photosynthetic source by accelerating leaf senescence. Drought   
tolerance can be considered as depending on the extent of dehydration 
avoidance, dehydration tolerance and water use efficiency.  
2.6.2 Climatic zones  
2.6.2.1 Desert and semi-desert zone 
This zone receives mean annual rainfall 200-300 mm and the variability 
reached 50%. People practice transhumant grazing and cultivation of 
millet and sorghum in small areas. 
2.6.2.2 Arid zone 
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Average annual rainfall is 300-400 mm and the cultivated crops include 
cowpeas, millet, sorghum, sesame in sandy soils using different 
techniques like intercropping, involving gum Arabic production and 
agroforestry. 
 
2.6.2.3 Semi-arid zone 
The main cultivated crops are sorghum, water melon, sesame, groundnuts, 
rosella hem, and cowpeas in sandy soils as rain-fed cultivation and in 
mechanized farms cultivation of sorghum, sesame and sunflower and the 
nomads exist in the southern parts of this zone. Average sorghum yield for the 
period 1971–1990 was 112 kg/fedd in  North Darfur state and 289 kg/fedd in 
the country (Appendix 1 Table 3). 
2.6.2.4 Sub-humid and humid 
The sub humid zone with mean annual rainfall 600- 900 mm. The crops 
cultivated in semi-arid zone are grown here beside other crops. The humid zone, 
with mean annual rainfall 900- 1500 mm and main crops cultivated are 
sorghum, green gram, oil palm and livestock. 
2.6.3 Factors affecting performance of sorghum under dry conditions 
Supplementary irrigation improves growth by increasing the availability of 
water to plants around sowing time and during a mid-season dry spell and while 
the crop is at the vital stage of flowering and grain fill. Sorghum, millet, maize 
are adapted to be grown under dry areas, cowpeas and groundnuts fix nitrogen 
and improve the performance of other crops and are relatively tolerant to 
drought and are fast maturing. It is very important to maintain levels of organic 
matter by adding animal manure or compost to the soil because addition of 
water resulted in depletion of soil nutrients. Crop rotation helps to maintain the 
fertility status. Legumes should be alternated with cereals as often as possible. 
Intercropping of cereals with legumes can lead to higher yields. Weeds are 
especially a problem and therefore early weeding is important. Early planting 
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makes the best use of limited rainwater. In some areas they plant seeds before 
the rain arrive and this technique is known as “dry planting”. “opportunistic” or 
take-a-chance planting of a quick legume crop like cowpeas can make use of 
late season or out of season rainstorms. Low plant population can improve yield 
in low rainfall zones and therefore spacing is another important factor. 
CHAPTR THREE 
MATERIALS AND METHODS 
 
3.1 General information on the study area 
The experimental site was located in Al-Fashir town (Lat. 13o38−  N, 
Long. 25o 20− E, altitude = 730m ) in North Darfur State and the 
experiment was conducted in Al-Fashir University Farm. 
The State lies within the arid climatic zone. In general, the area is 
characterized by low declining and erratic mean annual rainfall. The 
mean annual rainfall (10 years) during the period 1945-1985 was 
consecutively 340.6, 284.8, 224.9 and 161.8 mm (Appendix 2 Table 
4).The long-term (1961-1990) mean monthly rainfall during the rainy 
season (May – October) ranged from 7.0 mm in May to 87 mm in August 
with an overall mean of 35 mm. The mean annual rainfall was 213 mm 
(Appendix 3 Table 5). The mean maximum daily temperature ranged 
from 29.8oC (January) to 38.9oC (May) with a mean of 34.7 oC. The mean 
minimum daily temperature ranged from 9.5oC (January) to 23oC (June) 
with a mean of 17.3oC. 
Ground water aquifers play a significant role in supply people with water. 
These aquifers are occurring in wadi alluvium and within sandstone 
aquifer system. The Nubian sandstone aquifer system is presented in 
North Darfur by two major basins and separated by Kutum – Meidob 
ridge. North of this lies the Saharan basin and at the south lies Umm 
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Kadada basin and is connected with deep trough of Wadi Al Ku including 
Sag El Naam and Shagra basins and at the south Baggara basin (El 
Sammani, 1988). 
Semi- arid regions are defined as those areas where aridity index falls 
between 10 and 20 (Finkel, 1985). El Fashir is sited in arid regions and its 
aridity index is 5.8. 
People practice cultivation of sorghum, millet, sesame and groundnuts 
during the rainy season and they keep livestock. Traditionally farmers 
practiced a type of rotating fallow agriculture which left portion of the 
land with some form of ground cover. Land tenure is held by common 
either by tribe or group. 
3.2 Materials 
3.2.1 Soil 
The experiment was conducted in Al-Fashir University Experimental 
Farm. The soil is a sandy clay loam derived from Nubian sandstone and 
classified as fine loamy, mixed, isohyperthermic Haplocamid (Soil 
Survey Staff, 1975). The land is almost flat and has an elevation of 730 
m. For the purpose of characterization and classification of the soil, a 
profile was dug in the experimental site and described according to the 
standard soil survey procedures as follows (Appendix 4 Table 6):  
0 – 10 cm Yellowish brown (10YR5/4) dry, brown to dark brown 
(10YR4/13) moist, sandy clay loam; moderate strong sub-angular blocky 
structure; hard (dry), friable (moist), sticky and plastic (wet); very fine 
roots; slightly calcareous; pH 7.62; abrupt smooth boundary to: 
10 – 20 cm Yellow brown (10YR5/4) dry yellowish brown (10YR4/4) 
moist, sandy clay loam; moderate strong angular blocky structure; hard 
(dry), friable (moist), sticky and plastic (wet); non-calcareous; pH 7.83; 
abrupt smooth boundary to: 
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20 – 50 cm Yellow brown (10YR5/4) dry, dark yellowish brown 
(10YR4/4) moist, sandy clay; very strong angular blocky structure; 
extremely hard (dry); very firm (moist), sticky and plastic (wet); non to 
slightly calcareous; pH 7.71; abrupt smooth boundary to: 
50 – 80 cm Brown (10YR5/4) dry; brown to dark brown (10YR4/2) moist 
clay; very strong sub-angular blocky structure; extremely hard (dry) very 
firm (moist), very sticky and very plastic (wet); non-calcareous; pH 7.31, 
irregular wavy boundary to: 
80 – 100 cm Brown to dark brown (7.5YR4/4) dry; brown to dark brown 
(7.5YR4/2) moist, sandy, moderate medium angular blocky structure; 
very hard (dry); soft (moist), slightly sticky and slightly plastic (wet); 
non-calcareous; 7.2; irregular wavy boundary to: 
100-120 cm Strong brown (7.5YR4/6) dry; brown to dark brown 
(7.5YR4/4) moist, sandy, moderate medium angular blocky structure; 
very hard (dry); soft (moist), non-sticky and non-plastic (wet); non-
calcareous; pH 7.07; irregular wavy boundary to: 
120-160 cm Strong brown (7.5YR4/6) dry; brown to dark brown 
(7.5YR4/4) moist; sandy; moderate medium angular blocky structure; 
hard (dry); soft (moist), non-sticky and non-plastic (wet); non-calcareous; 
pH 7.54; irregular wavy boundary to:  
160-200 cm Strong brown (7.YR5/6) dry; strong brown (7.5YR4/6) 
moist; sandy; moderate medium angular blocky structure; hard (dry) soft 
(moist); non-sticky and non-plastic (wet); non-calcareous; pH 7.37. 
Soil samples were collected from the various soil layers. Eight soil clods 
of approximately 5 cm in diameter were collected from each layer. They 
were dried and saved in labeled bags for bulk density determinations. 
Furthermore, soil samples were collected by an auger from four locations 
taken at random from the same soil depths. All soil samples were air 
dried, ground, passed through 2 mm sieve and saved in labeled plastic 
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bags for the determination of their physical and chemical analysis 
(Appendix 5 Table7). 
3.2.2 Rain gauge 
A rain gauge was installed in the experimental site for measuring rainfall 
during the two seasons (2006-2007).  
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3.2.3 Sorghum seeds 
Seeds of sorghum varsities Wad Ahmed and Tabat were obtained. The 
two varsities were selected for the study because they were drought 
resistant, high yielding and tolerant to heat stress and water logging.  
3.2.4 Field equipment and tools  
These included the following: water pipes, a concrete water tank (4 x 2 
m), a water measuring device, a measuring tape, blades, poles and an 
auger. 
3.3 Methods 
3.3.1 Layout of the experiment 
The experiment was conducted during July to November for two 
consecutive seasons (2006-2007) to investigate the impact of 
supplementary irrigation at three available water depletion (AWD) levels, 
namely 25, 50 and 75% and two sorghum varieties, namely Wad Ahmed 
and Tabat on the productivity and water use of the crops. The experiment 
was laid out in a split-plot with four replications. The AWD levels were 
designated the main plots (6 x 7 m) and the varieties were allotted the 
subplots (3 x 7 m). Each main pot was irrigated when the predetermined 
AWD level was reached. At a given irrigation, the soil moisture was 
filled to field capacity (Fig. 1).  
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Fig. 1 The layout of the experiment 
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3.3.2 Soil measurements 
3.3.2.1 Soil analysis 
Soil physical and chemical properties were determined using the standard 
procedures adopted by the Department of Environment and Soil Sciences 
(Page,et.al; 1982; Campel, et.al;  1986), Faculty of Agriculture, 
University of Khartoum. Particle-size distribution was determined by the 
hydrometer method. Calcium plus magnesium and calcium were 
determined using ethylene daiamine tetra acitate. Soluble Na+ and K+ 
were determined by a flame photometer. Total Na+ was extracted by 
ammonium acetate and determined by a flame photometer. The electrical 
conductivity of saturation extract (ECe) was measured by a conductivity 
meter. The sodium adsorption ratio (SAR) was calculated by the 
following equation: 
SAR
( ) / 2
Na
Ca Mg
= +  
Where the ionic concentrations were expressed in meq/l.  
3.3.2.2 Bulk density determination 
Soil bulk density (BD) was determined using the clod method. The clod 
was coated by paraffin and the soil BD was calculated according to 
Archimedes principle using the following data: oven-dry weight of the 
clod, weight of paraffin-coated clod in air, weight of paraffin-coated clod 
in water, and the density of wax. 
3.3.2.3 Determination of field capacity and permanent wilting point 
Soil samples collected using an auger from the following successive soil 
depths: 0-10, 10-20, 20-40, 40-60, 60-80, 80-100 cm, were used for 
estimating the moisture content at field capacity and permanent wilting 
point at 1/3 and 15 bars, respectively (Appendix 6 Table 11). Duplicate 
determinations were made and mean values were reported.  
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3.3.2.4 Soil moisture redistributing 
The soil moisture profile was determined in April before sowing in the 
middle of the experimental site. Similarly, soil moisture profiles were 
determined in each replicate in the mid of the season and at harvest. At 
each time, an auger was used to collect soil samples from the following 
successive depths: 0-10, 10-20, 20-40, 40-60, 60-80, 80-100 cm. The 
gravimetric soil moisture of each sample was measured and the mean soil 
moisture redistribution profile was plotted for each case.  
3.4 Estimation of crop water requirement 
3.4.1 Estimation of potential (reference) evapotranspiration (ETp) 
The potential evapotranspiration for Al-Fashir area was estimated using 
the long-term meteorological data (1961-1990) according to the following 
procedure proposed by Jensen-Haise (1963): 
( )p T x sET C T T R= −  
Where ETp is used in place of reference evapotranspiration in the original 
equation and it has the same units as Rs, which may be measured or 
estimated 
( )1
1
1/ 7.3
38 2 /305
T HC C C
C E
= +
= −  
Where E is the site elevation in meter. CH is calculated by the following 
equation: 
2 150 /( )HC mb e e= −  
Where e2 the saturation vapor pressure of water in mb at the mean 
monthly maximum air temperature of the wormest month in the year 
(long-term climatic data). e1 The saturation vapor pressure of water in mb 
at the mean monthly minimum air temperature of the wormest month in 
the year (long-term climatic data. Tx is calculated by the following 
relationship 
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2 12.5 0.14( ) /550xT e e E= − − −  
The solar radiation (Rs) is calculated by the following equation: 
R s = (0.25+0.50 n/N) Ra 
Where n  is the actual sunshine hour, which is measured. Ra (mm/day) 
and N  are the terrestrial radiation and the day time hours, both of which 
are estimated for each month for Al-Fashir area (Lat. 13o38׳N) from 
Tables 2.6 and 2.7 of FAO (1998), respectively. Tx  is calculated by the 
following relationship.(Appendix 6 Tables 8,9, 10). 
Burman et al. (1983) stated that this method was the result of a review of 
about 3000 measurements of ET that were made in Western United States 
over a period of about 35 years. It is recommended to be used for 
estimating ET for periods of 5 days to a month. 
3.4.2 Calculation of crop evapotranspiration 
Crop evapotranspiration (ETcrop) was calculated by the following 
relationship:  
ETcrop = kc x ETp 
Where kc is the crop coefficient which varies with stage of growth and 
prevalent climatic conditions. 
 3.5 Irrigation 
The irrigation water requirement is the actual quantity of water applied in 
each irrigation to secure the CWR in the root zone, and was calculated 
according to the water budget of the experimental site. The available 
water is the difference between the field capacity 50.34 mm and the 
permanent welting point 27.1 mm, amounting 23.2 mm. The amount of 
water required for each plot to be irrigated for the two crops at the 
depletion levels of 25, 50 and 75% at the depth of 50 cm is 29, 58 and 87 
mm, respectively, (Table 11). The plots will be irrigated according to the 
crop water reference evapotranspiration requirement. The plots were 
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irrigated after sowing, then the water will be added whenever the crop 
reached the depletion level.  A rain gauge was installed in the 
experimental site for measuring daily rainfall. 
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      Table 11. Calculation of the available water for crop irrigation 
  
epth 
Cm 
Bulk density 
(g/cm) 
Field 
capacity 
(%) 
Permanent 
welting point 
(%) 
Available 
water 
(%) 
Field 
capacity 
(mm) 
Permanent 
welting point 
(mm) 
Availa
wate
(mm
-10 
 
 
0-20 
 
 
0-50 
 
 
0-80 
 
 
-100 
 
 
1.62 
 
 
1.69 
 
 
1.56 
 
 
1.72 
 
 
1.51 
 
 
30.6 
 
 
27.7 
 
 
26.6 
 
 
36.5 
 
 
31.2 
 
 
16.3 
 
 
14.9 
 
 
14.2 
 
 
19.7 
 
 
16.9 
 
 
14.4 
 
 
12.8 
 
 
12.4 
 
 
16.8 
 
 
14.3 
 
 
4.96 
 
 
4.68 
 
 
12.45 
 
 
18.83 
 
 
9.42 
 
 
2.64 
 
 
2.52 
 
 
6.65 
 
 
10.17 
 
 
5.10 
2.3
2.1
5.8
8.6
4.3
     50.34 27.08 23.2
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3.6 Planting method 
Sorghum seeds (Wad Ahmed and Tabat) were sown at a seed rate of 2 
kg/feddan with a spacing of 75 cm between rows and 50 cm between 
plants. The number of holes in each subplot was 56 (168 plants). The 
seeds were sown in July and three weeks after germination the plants 
were thinned to 3 plants per hole followed by resowing and transplanting 
of the missing holes . The crop was harvested after 120 days from 
sowing.  
3.7 Weeding 
Weeding was carried out manually whenever needed.  
3.8 Crop growth and yield measurements  
3.8.1 Germination percentage 
After germination, two rows from each subplot were selected at random 
and the number of seedlings in these two rows was counted and expressed 
as a percentage of the number of seeds which germinated. 
Number of  seedlings X100Germination % =
Number of  seeds
 
3.8.2 Plant height  
The mean height of 15 plants selected randomly from each subplot was 
determined fortnightly from the date of germination.  
3.8.3 Plant density  
The number of plants in each subplot was counted fortnight and the plant 
density was calculated.  
3.8.4 Leaf area index  
Several measurements of leaf area index (LAI) were made during the 
growing season. Five random plants were taken from each subplot. The 
average leaf area was calculated by the following relationship (Marshall, 
1968).  
2 ( ) = 0.747Leaf  area cm W L× ×  
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The leaf area index of the plant was calculated from knowledge of the 
average number of leaves per plant, the total number of plants in the 
subplot and Its area, by the following relationship   
leaf  area No of  leaves per plant  Average No of  plants in subplotLAI =
Area of  subplot
× ×
 
3.8.5 Thousand grain weight  
After harvest and threshing, thousand grains were counted- randomly 
from each subplot. A sensitive balance was used to obtain their exact 
weight in grams.  
3.8.6 Total biomass 
The straw was cut and its fresh and dry biomass was taken for each 
subplot and the weight was finally expressed in kg/Fadden.   
3.8.7 Final grain yield  
At harvest the heads of the crop from each subplot were cut and left to 
dry for 30 days and then were threshed manually. The collected grains 
were weighed and expressed in ton/ha.  
3.8.8 Water use 
Crop water use ( ,WU mm ) was calculated by the following water balance 
equation:  
( )
1
( ) /100
n
i i i i
i
W U mm I P M b M e BD D
=
⎡ ⎤= + + − × ×⎣ ⎦∑  
Where   
I   = irrigation water 
  P  = precipitation depth mm;  
iMb , iMe  = percentage gravimetric water content in the 1
st layer at the 
beginning and at the end of the season, respectively. 
iBD  = bulk density of the 1
st layer, gm/cm3,  
iD    = soil depth of the 1
st layer, cm, 
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n      = number of layers, and  
∑  = sum  
The water use efficiency ( )WUE  reflects the amount of grain yield per 
unit of water utilized by the crop. The season crop water requirement was 
calculated as outlined above.  
Water use efficiency was estimated by the following equation  
Final grain yieldWUE =
Crop water requirement
 
3.8.9 Observation of stages 
Phonological stages observations were taken for the two varieties during 
the two growing seasons. Plant performance, height, establishment and 
growth and productivity were the main measuring parameters beside the 
effect of environmental conditions, diseases and pests. 
3.8.10 Aridity index  
Aridity index was calculated according to the equation (Finkel 1985). 
10
PAI T= +  
Where AI  = Aridity index 
 P    = precipitation 
  T   = Mean temperature for long – term Al Fashir Meteorological station  
1961 – 1990. 
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CHAPTER FOUR 
RESULTS 
4.1 Rainfall 
In the first season (2006) the amount of rainfall was 254.5 mm and it was 
above the mean normal rainfall (1961-1990), which was 216.6 mm .The 
rainfall started from the 4th of May to 28th of September with irregular 
distribution in time and space. The total amount of the rainfall which was 
used by the crop from 19th of July (sowing date) to the 28th of September 
was 203 mm, which is 80% of the total amount of the seasonal rainfall 
(Table 12). According to Finkel (1985) the aridity index was 7 which is 
classified as very severe arid.  
In the second season (2007) the amount of rainfall was 275.2 mm and it 
was above the mean normal rainfall.  The rainfall started from 9th of May 
to the 9th of September. The amount of rainfall, used by the crop from 15th 
of July to the 11th of September was 249.6 mm constituting about 90.7% 
of seasonal rainfall. In the last 10 days of August, the amount of the 
rainfall was 129.3 mm, which was about 64% of the August rain and 47% 
of the seasonal rainfall. The heavy rains resulted in flooding of the area 
for 14 days and reduced crop yield. The aridity index was 7.6, which is 
classified as very severe arid. 
4.2 Crop water requirements  
In each season, the land was disc-ploughed, harrowed and irrigated to 
field capacity. The estimated crop evapotranspiration rates for sorghum 
ranged from 2.6 to 8.3 mm/ day in both seasons (Table 13). In the first 
season the crop was irrigated from the beginning of September till the  
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Table 12. Rainfall distribution (mm) during the two seasons  
                   Season   2006                       Season 2007  
Date 
 
 
May 
 
June 
 
July 
 
Aug. 
 
Sept. 
 
May
 
June
 
July 
 
Aug. 
 
Sept.
1        0.5 1.0 0.5 
2         6.0  
3    1.5      9.4 
4 3   4.5     10.6  
5    14.0      3.7 
6     38.7    3.0  
7  2.0         
8    1.0 1.2      
9  5.5 26.0   7.0   1.0 8.8 
10    45.8 6.2   0.8 13.5  
11        0.3   
12        12.0   
13           
14   2.5        
15   4.0 23.6       
16    2.0   1.0    
17    4.3   4.5 0.5 16.0  
18   8.0        
19           
20   7.0     7.8   
21    1.0     21.5  
22     5.0      
23        5.5 55.6  
24   0.5 3.5    7.0 17.6  
25   22.5 19.2    3.0 9.6  
26 2.0   2.5     30.0  
27           
28     1.0      
29    4.0       
30        1.0   
31         16.5  
Total 5.0 7.5 70.5 126.9 52.1 7.0 5.5 38.4 201.9 22.4 
season     254.5     275.2
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Table 13. Crop evapotranspiration (ETcrop) in the different crop 
development stages during the two seasons  
Period Period Stage Month ETp(mm) ck  ETcrop 2006 2007 
Initial July August 
7.5 
7.5 
0.35 
0.75 
2.6 
5.6 
19.7–31.7 
1.8 –0 7.8 
15.7–31.7 
31.8 – 3.8 
Development August Sept. 
7.5 
7.6 
0.75 
0.75 
5.6 
5.7 
8.8 – 31.8 
1.9 – 06.9 
4.8 – 31.8 
1.9 – 3.9 
Flowering Sept. Oct. 
7.6 
7.7 
0.075 
0.075 
8.2 
8.3 
7.9–30.9 
10.10–16.10 
4.9 – 30.9 
1.10–12.10 
Maturing Oct. Nov. 
7.7 
6.6 
0.65 
0.65 
5.0 
4.3 
17.10–31.10 
1.11–15.11 
13.10–31.10 
1.11–11.11 
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time of harvest. The total amount of rainfall used by the crop was 203 
mm and the total amount of the irrigation water during the growing 
season was 689.7 mm (Appendix 7 Table 24).The amount of rainfall 
constituted about 29% of the water used by the crop and the 
supplementary irrigation constituted 71%. Also this indicates that Al 
Fashir lies in more severe arid region.  
In the second season the 25 and 50% depletion plots were irrigated at mid 
of September. The irrigation water used by the crop in the second season 
was 683.1 mm, (Appendix 8 Table 25) and the rainfall was 249.6 mm. 
The amount of the rainfall was about 27% of the applied water by the 
crop and supplementary irrigation was 73%. 
4.3 Germination percentage (%) 
In both seasons Wad Ahmed variety gave significantly higher 
germination percentage than Tabat (Table 14 ). The available water 
depletion level had no significant impact on germination as expected 
since the plots, were not subjected to different available water depletion 
levels during the stage. In general the germination percentage was low 
even for Wad Ahmed variety. The mean germination percentage of Wad 
Ahmed variety was about 36% and 61% greater than that of Tabat variety 
in first and second seasons, respectively. It is evident that the impact of 
sorghum variety was much greater in the second season.  
 
 
 
 
Table 14. Sorghum germination percentage as affected by variety and 
available water depletion at which supplementary irrigation water was 
applied during July - November in the two seasons 
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Depletion level 
Variety 
25%                50%                  75% 
Mean 
 
 
Season 2006 
 
Wad Ahmed 31.3 34.3 32.8 32.8 a 
Tabat 23.5 26.8 22.3 24.2 b 
Mean 27.4 a 30.6 a 27.6 a  
0.05 0.05 0.05( ) 11.2; ( ) 6.98; ( ) .LSD D LSD V LSD D V N S= = × =  
  
Season 2007 
Wad Ahmed 44.3 27.5 40.5 37.4 a 
Tabat 20.0 20.5 29.3 23.3 b 
Mean 32.2 a 24.0 a 34.9 a  
0.05 0.05 0.05( ) 17.2; ( ) 14.2; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Means with the same letter (a,a) are not significantly different, means with the 
different letter (a,b) are significantly different, LSD 0.05 Least Significant Difference at 
5% level, D = Depletion, V = Variety, N. S = Not significant, D x V = interaction 
between varieties and depletions.   
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4.4 Sorghum plant height 
In both seasons Wad Ahmed variety gave significantly (5%) higher plants 
than Tabat variety. The height of Wad Ahmed variety was 5.5% greater 
than that of Tabat in both seasons (Table 15). It is evident that the plants 
were higher in the second season. The depletion level had no significant 
impact on plant height and thus the interaction between the  
 two factors was not significant. In both seasons the 25% AWD level 
gave slightly higher but not significant plants than the 50 or 75% AWD. 
4.5 Leaf area index (LAI) 
In the first season the mean LAI for Wad Ahmed and Tabat varieties were 
4.96 and 3.6 respectively. The mean LAI was 4.91, 3.93 and 4.0 for 25, 
50 and 75% available water depletion levels, respectively (Table 16).The 
effect of variety was significant at the 5% level. The mean LAI of Wad 
Ahmed variety was about 38% greater than that of Tabat variety.  
In the second season the mean LAI of Wad Ahmed variety was 49% 
greater than that of Tabat variety. In the second season the impact of the 
variety on LAI was significant, while the impact of AWD level was not. 
The second season gave broader leaves than the first season. The mean 
LAI was 6.26, 4.5 and 5.98 for 25, 50 and 75% available water depletion 
level, respectively. 
4.6 fodder fresh yield 
Table 17 shows the effect of supplementary irrigation on fodder fresh 
yield of the two varieties irrigated at three AWD levels.  
In the first season the mean fodder yield of Wad Ahmed and Tabat 
varieties were 38.8 and 29 ton/ha, respectively. The mean fodder yields 
were 38.1, 31.3 and 32.6 ton/ha, at 25, 50 and 75%, AWD, respectively. 
Wad Ahmed variety gave significantly 33% higher yield than Tabat 
variety. At 25% AWD, the mean yield was 22% and 17 % greater than 
that of 50 and 75%, AWD. The best treatment was Wad Ahmed irrigated 
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at 25% AWD. The data fodder yield 20% and 16% greater than that of 50 
and 75% WAD, respectively. 
4.7 Fodder dry yield 
The impact of variety on sorghum dry matter yield was significant in both 
seasons, whereas the impact of AWD was significant in the first season 
only. The dry matter yield of Wad Ahmed variety was 41% and 29% 
greater than that of Tabat variety in the first and second seasons, of the 
second season gave the same qualitative trend. In the second season the 
mean yield of Wad Ahmed variety was 37% greater than that of Tabat. 
Irrigation at 25% AWD gave mean respectively. Irrigation at 25% AWD 
gave 9% and 16% greater in dry matter yield than irrigation at 50% and 
75% AWD. The impact of AWD  
level in the second season was similar to that in the first season but not 
significant (Table 18).  
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Table 15. Sorghum plant height (cm) as affected by variety and available 
water depletion at which supplementary irrigation water was applied 
during July – November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 159.3 156.5 151.3 155.7 a 
Tabat 150.3 147.0 145.3 147.5 b 
Mean 154.8 a 151.8 a 148.3 a  
0.05 0.05 0.05( ) 10.2; ( ) 7.3; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 173.5 162.0 169.8 168.4 a 
Tabat 164.0 154.3 160.5 159.6 b 
Mean 168.8 a 158.2 a 165.2 a  
0.05 0.05 0.05( ) 13.4; ( ) 7.5; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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Table 16. Leaf area index (LAl) as affected by variety and available water 
depletion at which supplementary irrigation water was applied during 
July- November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 5.78 452 4.57 4.96 a 
Tabat 4.03 3.34 3.43 3.60 b 
Means 4.91 a 3.93 a 4.00 a  
0.05 0.05 0.05( ) 1.88; ( ) 0.99; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 7.38 5.56 7.08 6.67 a 
Tabat 5.14 3.44 4.88 4.49 b 
Means 6.26 a 4.50 a 5.98 a  
0.05 0.05 0.05( ) 3.08; ( ) 1; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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Table17. Sorghum fresh yield (ton/ha) as affected by variety and 
available water depletion level at which supplementary irrigation water 
was applied during July - November in the two season 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 44.528 34.923 36.972 38.808 a 
Tabat 31.750 27.667 28.194 29.204 b 
Means 38.139 a 31.295 b 32.583 b  
0.05 0.05 0.05( ) 5.2; ( ) 4.9; ( )LSD D LSD x LSD D V S= = × =  
Season 2007 
Wad Ahmed 38.778 35.111 34.694 36.194 a 
Tabat 30.944 23.028 25.167 26.380 b 
Means 34.861 a 29.070 a 29.931 a  
0.05 0.05 0.05( ) 7.8; ( ) 4.5; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14 
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Table 18. Sorghum dry yield (ton/ha) as affected by variety and available 
water depletion level at which supplementary irrigation water was applied 
during July - November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 12.278 10.584 10.667 11.176 a 
Tabat 8.389 8.333 7.111 7.944 b 
Means 10.334 a 9.459 b 8.889 b  
0.05 0.05 0.05( ) 1.4; ( ) 1.8; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 13.750 12.500 12.111 12.787 a 
Tabat 12.250 8.667 8.917 9.945 b 
Means 13.000 a 10.584 a 10.514 a  
0.05 0.05 0.05( ) 3.3; ( ) 1.5; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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4.8 Number of heads 
Table 19 shows the effect of supplementary irrigation on the number of 
heads of two sorghum varieties irrigated at three AWD levels. The impact 
of variety on the mean number of heads was significant, whereas the 
impact of AWD was not. The number of heads in the two successive 
seasons was 103.5 and 143.4 for Wad Ahmed variety and 77.2 and 81.4 
for Tabat varie 
4.9 Thousand grain weight 
In the first season the impact of both variety and AWD on mean thousand 
grain weight was not significant. The overall mean thousand grain weight 
was about 26 gram. However, the impact of variety was significant in the 
second season. Tabat variety gave a higher weight than Wad Ahmed 
variety (Table 20). The impact of AWD level was not significant. In 
general, the thousand grain weight in the second season was slightly 
higher than that in the first season for Tabat variety.ty. 
4.10 Sorghum grain yield 
The complete data are presented in Appendix 2 Tables 40 and 41. 
Table 21 shows the effect of supplementary irrigation on sorghum grain 
yield of the two varieties irrigated at three AWD levels.  
In the first season, the mean grain yield of Wad Ahmed and Tabat 
varieties were 8.8 and 7.7 ton/ha, respectively. The mean grain yields 
were 8.6, 8.1 and 8.1 ton/ha at 25, 50 and 75% AWD, respectively. Wad 
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Table19. Number of heads as affected by variety and available water 
depletion level at which supplementary irrigation water was applied 
during July - November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 109.3 100.0 101.3 103.5 a 
Tabat 78.5 76.5 76.5 77.2 b 
Means 93.9 a 88.6 a 88.9 a  
0.05 0.05 0.05( ) 7.1; ( ) 7.9; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 158.0 150.3 122.0 143.4 a 
Tabat 84.8 76.5 83.0 81.4 b 
Means 121.4 a 113.4 a 102.5 a  
0.05 0.05 0.05( ) 20.8; ( ) 15.8; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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Table20. Thousand grain weight (gram) as affected by variety and 
available water depletion level at which supplementary irrigation water 
was applied during July – November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
 Season 2006  
Wad Ahmed 25.96 25.98 26.34 26.09 a 
Tabat 26.20 26.00 26.68 26.29 a 
Means 26.08 a 25.99 a 26.51 a  
    0.05 0.05 0.05( ) 0,8; ( ) 0.9; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 25.31 26.07 25.90 25.76 b 
Tabat 28.38 29.46 29.14 28.99 a 
Means 26.85 a 27.76 a 27.52 a  
0.05 0.05 0.05( ) 1.3; ( ) 1.1; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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Table21. Sorghum grain yield (ton/ha) as affected by variety and 
available water depletion level at which supplementary irrigation water 
was applied during July – November in the two seasons 
Depletion level 
Variety 
25%                50%                  75% 
Mean 
    Season 2006  
Wad Ahmed 9.431 8.556 8.472 8.820 a 
Tabat 7.806 7.597 7.556 7.653 b 
Means 8.619 a 8.077 a 8.014 a  
0.05 0.05 0.05( ) 0,9; ( ) 0.9; ( ) .LSD D LSD V LSD D V N S= = × =  
Season 2007 
Wad Ahmed 7.389 6.500 7.055 6.981 a 
Tabat 8.056 6.222 6.889 7.056 a 
Means 7.722 a 6.361 b 6.972 b  
0.05 0.05 0.05( ) 1.5; ( ) 1.1; ( ) .LSD D LSD V LSD D V N S= = × =  
 
Abbreviations as explained in Table 14. 
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Ahmed variety gave significantly 15% higher yield than Tabat variety. At 
25% AWD, the mean yield was 6.7 and 9.9% greater than that of 50 and 
75 % AWD. The best treatment was Wad Ahmed irrigated at 25% AWD.  
In the second season, the mean grain yield of Tabat and Wad Ahmed 
varieties were 7.1 and 7 ton/ha, respectively. The mean grain yield of 
Tabat variety was 1% greater than that of Wad Ahmed. Irrigation at 25 
AWD gave mean grain yield 21% and 11% greater than that at 50 and 
75% AWD, respectively. 
In the second season the impact of variety on sorghum grain yield was 
not significant, whereas the impact of AWD was significant. 
 
4.11 water use 
Tables 22 and 23 show the water use and water use efficiency for the 
varieties at different AWD levels.  
In the first season the 25% AWD of Wad Ahmed variety gave higher 
water use and water use efficiency than that of Tabat variety at the same 
water depletion level and also for all other AWD levels for the two 
varieties which were 1014.7 mm and 9.29 kg/mm, respectively.  
Irrigation at 25% AWD of Wad Ahmed variety gave water use efficiency 
greater than that of 50 and 75% AWD which were 20%, 8%, 21%, 6%, 
and 18% for T25, W50, T50, W75, T75, respectively.  
In the second season (2007) the WUE of Wad Ahmed variety at 25% 
AWD was 21% lower than that of Tabat variety at the same AWD only 
but it was greater than all other treatments by percentage of, 10%, 17%, 
5% and 7%, respectively. The first season gave higher sorghum mean 
grain yield, and water use efficiency tha n the second season. 
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Table22. Seasonal water use (WU mm) and its efficiency (WUE) as 
affected by supplementary irrigation in the first season 
(July – November, 2006) 
Depletion level 
 W25 T25 W50 T50 W75 T75 
WU mm 1014.7 1006.7 996.7 986.7 967.7 963.7 
 
WUE 
kg/mm    
9.29 7.75 8.58 7.70 8.75 7.84 
 
 
 
 
Table23. Seasonal water use (WU mm) and its efficiency (WUE) as 
affected by supplementary irrigation in the second season 
(July – November, 2007) 
 
Depletion level 
 W25 T25 W50 T50 W75 T75 
WU mm 1055.7 1075.7 1024.3 1035.7 1056.7 1051.7 
 
WUE 
kg/mm 
7.00 7.49 6.35 6.01 6.68 6.55 
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CHAPTER FIVE 
 
DISCUSSION 
Al-Fashir Lies in an arid region, which is characterized by low and erratic 
rainfall. In general, dry spells may occur at any stage of crop 
development causing water stress and consequent reduction in yield, 
especially if the stress occurs during a critical stage. Thus, there is a need 
for supplementary irrigation to sustain good growth and yield of the crop. 
The local traditional farmers use different water spreading methods for 
making use of "khor" waters. To our knowledge, there is a lack of 
experimental research on the impact of supplementary irrigation on crop 
growth and yield in Al-Fashir area. 
Initially the field was filled to field capacity. The water balance calender 
method was used to monitor available water depletion. When the 
available water depletion reached the predetermined level, water was 
applied to keep the soil at field capacity. Daily actual evapotranspiration 
was subtracted from field capacity and rainfall was added. If there was 
excess in water, it was assumed to be lost by deep percolation. Deficits 
were added till they reach the predetermined available water depletion 
level. 
Sorghum fodder yield 
Wad Ahmed variety gave significantly (p = 0.05) higher germination 
percentage than Tabat in both seasons. The germination percentage of 
Wad Ahmed was about 36% and 61% greater than that of Tabat in the 
first and second seasons, respectively. In general, the germination 
percentage was low. Even for Wad Ahmed it was about 33% and 37% in 
the two successive seasons. This may be attributed to poor seed quality 
and presence of termites. 
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Seeds of many species, especially wild species, have various dormancy 
mechanisms. For a period after harvest, they will not germinate even 
when places in conditions that subsequently are optimal for germination 
with respect to temperature, moisture, and aeration (Hall, 2001). 
Hall (1992) reported that the studies of plant responses to high 
temperature, its important to use temperatures that can occur in filed 
conditions in that all processes can be damaged by high temperature if 
extremely hot once are imposed. On some occasions, the high 
temperatures that occur in farmers field can inhibit germination and 
emergence of seeds. Also filed studies demonstrated that satisfactory 
germination and emergence could be achieved by sowing seeds into beds 
having dry soil and then irrigating the beds during the evening to the 
irrigation also cools the soil by evaporation. Another potential solution to 
this problem is "seed priming" (Bedi and Basra, 1993). 
Plant height was significantly affected (p = 0.05) by variety but not 
available water depletion in both seasons. The mean height of Wad 
Ahmed plants was 5.5% higher than that of Tabat in both seasons. The 
mean plant height of Wad Ahmed height was 155.7 and 168.4 cm in the 
two successive seasons. 
The mean LAI of Wad Ahmed plants were significantly, (p = 0.05) higher 
than that of Tabat in both seasons. The mean LAI of Wad Ahmed was 
about 38% and 49% greater than that of Tabat in the first and second 
seasons, respectively. The mean LAI for Wad Ahmed was 4.96 and 6.67 
in the two successive seasons.  
The impacts of variety on germination, plant height and LAI were 
reflected on the fodder fresh yield fodder fresh weight. The mean fodder 
fresh weight of Wad Ahmed was 38.8 and 36.2 ton/ha in the two 
successive seasons. The fodder fresh weight of Wad Ahmed was 
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significantly (p = 0.05) 33% and 37% greater than that of Tabat in the 
two successive seasons. 
As expected Wad Ahmed gave significantly (p = 0.05) higher mean dry 
matter yield dry matter yield than Tabat. The increase was 42% in the 
first season and 29% in the second season. The dry matter yield of Wad 
Ahmed was 11.2 and 12.8 ton/ha in the two successive seasons.  
Faster growing seedling partitioned larger amounts of biomass into new 
leave area that was efficient with respect to it having larger area and ratio 
of photo synthetic cell tissue to the combination of epidermal, vascular, 
and scherenchymatous tissues (Evans, 1998).  
Sorghum grain yield 
Wad Ahmed produced significantly greater mean number of heads than 
Tabat in both seasons because the croup is more adapted to the 
environment. The increase was 34% in the first season and 76% in the 
second season. The mean number of heads of Wad Ahmed was about 104 
and 143 in the two successive seasons. 
The impact of variety on the mean thousand grain weight total grain 
weight was not significant in the first season but significant in the second 
season. Unlike all previous trends Tabat gave significantly (P=0.05) 
grater total grain weight than Wad Ahmed because the plant performance 
in the second season was better in producing heads and yield. The 
increase was 12% in this season. The total grain weight of Tabat was 
about 26 and 29 gm in the two successive seasons. 
In the first season the mean grain yield of Wad Ahmed and Tabat 
varieties were 8.82 and 7.653 ton/ha respectively. In the second season 
the mean grain yield for the same varieties were 6.981 and 7.056 ton/ha, 
respectively. It is evident that the mean yield of Wad Ahmed in this 
season was lower than that in the first season because the crop was 
attacked by jassid. It was reported that the on-farm average yields of Wad 
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Ahmed and Tabat obtained by farmers were 5.0 and 6.2 ton/ha, 
respectively.  
In general, the second season was better than the first season resulting In 
better growth and fodder yield but not in the grain yield due to jassid 
attack as explained earlier. 
Although irrigation at lower available water depletion  resulted in better 
growth, but the effect was not significant. This was attributed to frequent 
flooding. 
ARC (1997) in Wad Madani / Sudan and FAO 1997 reported that the on-
farm average farmers yield of Wad Ahmed and Tabat were 5 and 6.191 
ton/ha, respectively. Ibrahim (1994) reported that the results of sorghum 
breeding trials and nurseries in different locations for Wad Ahmed and 
variety DI rain-fed and irrigated during 1992 / 1993 were 4.986 to 5.696 
and 7.529 to 7.361 ton/ha respectively. FAO (1996) reported that 
sorghum yields in developed and developing countries were 3 to 5 and 
0.5 to 1.0 ton/ha respectively. Omer et.al (1996) conducted a 
supplementary irrigation research in Khor Abu Habil in Kordofan. 
Sorghum variety Yarwasha seeds were cultivated using 4 to 12 ton/ha 
farm yard manure. The yield ranged from 0.878 to 1.919 ton/ha for the 
different treatments. 
Cultivars methods affect the amount of the water stored in the soil profile 
for subsequent use by the croup. This is partly dependent on the soil type-
sandy soils reacting differently from clayey soils. Kileue and Ulsaker 
(1984) in their results with Alfisols showed differences in grain yield in 
relation to different cultivation methods as well as differences in water 
use efficiency.     
The main constraints of sorghum production in Africa were the difficulty 
of adoption of improved technology and the farmers at the margins of 
subsistence find it risky to invest in new technology and therefore they 
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are less willing to allocate scarce cash resources to purchase chemical 
fertilizers or manure. 
The water use in the first season ranged from 963.7 to 1014.7 mm. The 
water use efficiency in the first season ranged from 7.7 to 9.29 and in the 
second season 6.01 to 7.49. The water use efficiency for 25% available 
water depletion level was higher for both seasons expect for the variety 
Tabat in the second season and this indicate that 25% available water 
depletion level is better than the other available water depletion levels. 
In the semi-arid areas rainfall, harvested water and stored water in the soil 
profile through conversation need to be fully utilized for optimum crop 
production. In order to make efficiency and increase yield most be 
adapted in the production system. But in addition to soil management, 
crop management practices including selection of responsive varieties to 
inputs, selection of crops that resist drought on the rainfall and climatic 
pattern are  importent. Viets (1976) pointed out that successes in dry land 
agriculture depended on the above factors that lead to either an actual 
evapotranspiration (ET) that is below the potential (ET).         
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CONCLUSIONS 
1. The effects of supplementary irrigation were significant for 
the different measurements for the two varieties Wad Ahmed 
and Tabat in the two seasons except Tabat yield in the 
second season and thousand grain weight in the first season. 
2. Wad Ahmed variety was better than Tabat variety in growth 
and performance in the two seasons. The effects of 
interaction between varieties and available water depletion 
level were not significant and that was due to the floods and 
the experiment was conducted according to the crop water 
requirement at field capacity. 
3. The amount of water needed by the crop can be adjusted for 
production purposes through supplementary irrigation. 
4. Using supplementary irrigation will help to put more land 
under cultivation and to increase productivity and yield and 
shorten the deficit of food in Darfur region and better 
utilization of the natural resources. 
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Appendixes  
 Appendix 1 Table 3. Sorghum production and yield in Sudan and 
North Darfur State during the period 1971-1990 
North Darfur State Sudan 
Year Area  
(1000 fed) 
Product 
(1000 MTS) 
Yield 
(kg/fed) 
Area  
(1000 fed) 
Product 
(1000 MTS) 
Yield 
(kg/fed) 
1970/71 – – – 4894 1535 314 
1971/72 – – – 4556 1592 349 
1972/73 – – – 4095 1301 317 
1973/74 228 7 236 6547 1691 300 
1974/75 50 13 250 5577 1792 321 
1975/76 55 12 212 6502 2143 330 
1976/77 43 5 103 6720 2606 470 
1977/78 52 7 134 6876 2082 303 
1978/79 52 10 192 6907 2353 341 
1979/80 41 2 46 5551 1461 263 
1980/81 50 7 140 6966 2084 299 
1981/82 55 12 218 9321 3335 358 
1982/83 65 10 154 8464 1884 223 
1983/84 42 1 30 8782 2006 228 
1984/85 45 1 22 7987 1097 137 
1985/86 115 21 180 13155 3597 273 
1986/87 100 7 70 11813 3279 277 
1987/88 175 5 30 8069 1363 169 
1988/89 210 37 175 13279 4425 333 
1989/90 200 8 40 9049 1536 170 
Aerage 92.2 9.7 111.6 7710.5 2158.1 288.8 
Source: Ministry of Agriculture and forestry – Khartoum – Sudan (2002)
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Appendix 2 Table  4. Al Fashir Meteorological Station annual 
rainfall for the period 1917-2006. 
Year Annual total Year Annual total Year 
Annual 
total Year 
Annual 
total 
1917 184.9 1940 201.2 1963 279.4 1986 200.1 
1918 166.3 1941 231.1 1964 295.6 1987 252.0 
1919 200.8 1942 168.0 1965 330.4 1988 250.8 
1920 307.5 1943 157.3 1966 245.8 1989 157.7 
1921 213.6 1944 206.1 1967 233.5 1990 125.2 
1922 546.7 1945 360.5 1968 247.5 1991 215.7 
1923 301.5 1946 311.4 1969 226.5 1992 203.3 
1924 482.0 1947 142.7 1970 306.3 1993 148.8 
1925 206.6 1948 237.4 1971 255.9 1994 241.2 
1926 105.9 1949 172.9 1972 119.3 1995 220.2 
1927 299.5 1950 585.3 1973 144.5 1996 149.9 
1928 354.3 1951 228.5 1974 329.0 1997 159.5 
1929 525.0 1952 293.9 1975 140.5 1998 381.4 
1930 476.7 1953 417.6 1976 176.7 1999 280.0 
1931 300.7 1954 637.1 1977 183.2 2000 267.5 
1932 185.1 1955 245.2 1978 207.9 2001 165.4 
1933 200.3 1956 310.6 1979 169.9 2002 166.7 
1934 311.0 1957 232.5 1980 219.0 2003 154.3 
1935 300.6 1958 227.3 1981 197.2 2004 116.5 
1936 327.0 1959 325.5 1982 110.4 2005 317.2 
1937 253.0 1960 285.3 1983 72.4 2006 248.2 
1938 307.2 1961 241.4 1984 107.5   
1939 409.5 1962 324.4 1985 171.6   
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Appendix 3 Table 5. Sudan Meteorological Department 
Climatological Normals 1961-1990 
 
Station: Al Fashir lat: 130 38- N long : 250  20- E ALT : 730 m 
 
Bright  s
chine          Month 
Relative 
humidity  
%  
mean 
Daily 
Max. 
temp. 
 oC 
Daily 
min. 
temp. 
 oC 
Mean 
daily 
temp. 
 oC 
Radiation 
MJM2 
Rainfall 
mm 
Evap. 
Piche 
mm Hrs. 
January  
February  
March  
April  
May  
June  
July  
August  
September  
October  
November  
December 
24 
21 
18 
18 
22 
33 
52 
61 
46 
30 
27 
26 
29.8 
31.9 
35.6 
37.8 
38.9 
38.4 
35.4 
33.9 
33.7 
36.0 
32.7 
30.0 
9.5 
11.4 
15.5 
18.3 
21.3 
23.0 
22.5 
21.8 
21.2 
18.9 
13.6 
10.3 
19.7 
21.7 
25.6 
28.1 
30.1 
30.7 
29.0 
27.9 
27.5 
27.5 
23.2 
20.2 
20.71 
23.37 
24.70 
23.43 
23.10 
23.93 
22.45 
22.62 
23.03 
22.76 
21.88 
20.58 
TR 
TR 
0.3 
1.9 
7.0 
14.5 
59.1 
87.0 
35.5 
7.1 
TR 
0 
11.7 
14.0 
16.3 
17.9 
17.9 
15.9 
10.5 
8.1 
10.4 
13.5 
12.6 
11.2 
10.1 
10.3 
9.7 
9.9 
10.0 
8.4 
7.6 
7.8 
8.4 
9.6 
10.5 
10.2 
Year 31 34.7 17.3 26.7 26.7 212.6 13.4 9.3 
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Appendix 4 Table 6. The physical and chemical characteristics of the 
soil profile 
 
Mechanical 
analysis (%) 
Soluble cations 
meg/L Soluble an ih pH Caco3 EC (ds/m) 
SP 
(%) BD SAR 
N   
% 
P 
mg/L Sand Silt clay Na K Ca+Mg Co3 meq/l 
HCO3 
meq/l 
0 
0 
0 
0 
00 
30 
60 
00 
 
7.7 
 
7.8 
 
7.6 
 
7.3 
 
7.2 
 
7.1 
 
7.3 
 
7.4 
 
0.6 
 
0.8 
 
0.6 
 
0.4 
 
0.2 
 
0.1 
 
0.1 
 
0.3 
 
0.7 
 
0.6 
 
1.0 
 
1.3 
 
2.6 
 
2.8 
 
1.4 
 
0.2 
 
43.6 
 
45.1 
 
54.7 
 
58.8 
 
28.9 
 
25.9 
 
23.7 
 
23.0 
 
1.7 
 
1.7 
 
1.7 
 
1.7 
 
1.7 
 
1.5 
 
1.5 
 
1.5 
 
2.9 
 
2.2 
 
9.3 
 
10.0 
 
11.7 
 
12.7 
 
5.2 
 
1.0 
 
0.04
 
0.03
 
0.02
 
0.02
 
0.02
 
0.02
 
0.02
 
0.02
 
4.52 
 
4.46 
 
4.22 
 
3.60 
 
3.70 
 
3.80 
 
3.81 
 
3.82 
 
 
54.2 
 
52.9 
 
51.2 
 
40.7 
 
68.1 
 
70.5 
 
71.4 
 
72.0 
 
11.0
 
11.2
 
11.1
 
12.4
 
8.8 
 
8.8 
 
9.1 
 
9.6 
 
34.8 
 
35.9 
 
37.7 
 
46.9 
 
23.1 
 
20.7 
 
19.1 
 
18.4 
 
3.5 
 
2.7 
 
6.7 
 
15.0 
 
19.3 
 
23.5 
 
9.1 
 
0.8 
 
0.3 
 
0.2 
 
0.1 
 
0.2 
 
0.2 
 
0.1 
 
0.1 
 
0.1 
 
2.8 
 
3.0 
 
2.7 
 
4.7 
 
5.3 
 
7.1 
 
3.2 
 
1.4 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
 
2.4 
 
2.2 
 
2.6 
 
1.8 
 
0.4 
 
1.2 
 
0.6 
 
0.8 
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Appendix 5 Table 7. The physical and chemical characteristics of the 
auger sample 
 
Mechanical analysis Soluble cations meg/l th 
) pH Caco3 
EC 
(DS/m) SP (%) BD SAR Sand 
(%) 
Silt  
(%) 
Clay  
(%) Na K 
Ca+
Mg 
Textur
0 6.9 0.4 0.8 47.2 1.5 4.5 51.0 11.3 37.7 5.1 0.4 2.6 Sandy c
20 7.1 0.3 0.5 46.8 1.6 2.6 52.1 10.7 37.2 2.6 0.2 1.9 Sandy c
40 7.3 0.4 0.3 47.2 1.5 1.9 51.4 10.8 37.8 1.4 0.1 1.2 Sandy c
60 7.1 0.4 0.3 50.7 1.6 1.2 47.8 11.8 40.4 1.0 0.1 1.4 Sandy c
80 7.4 0.5 0.3 50.6 1.5 2.4 47.9 11.7 40.4 1.3 0.1 1.5 Sandy c
00 7.5 0.3 0.4 40.3 1.5 2.4 57.5 10.4 32.1 2.2 0.2 1.8 Sandy c
loam
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Appendix 6 Table 8. Mean monthly temperature (oC) for calculating 
potential evapotranspiration (ETp) for Al Fashir 
Meteorological Station for the period 1961-1990. 
 
Month T  Max.  T  Min.  T Tx−  
January 29.8 9.5 27.5 
February 31.9 11.4 39.5 
March 35.6 15.5 33.4 
April 37.8 18.3 35.9 
May 35.6 21.3 37.9 
June 38.6 23.0 38.5 
July 38.6 23.0 38.5 
August 33.9 21.6 35.6 
September 33.7 21.2 35.3 
October 36.0 18.9 35.3 
November 32.7 13.6 31.0 
December 30.0 10.2 28.0 
Year 34.7 17.3 33.7 
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Table9. Calculation of the solar radiation for Al Fashir 
Meteorological Station for the period 1961-1990 
  
Month N n n/ N 0.5 x (n/N)
0.25+0.5x 
(n/N) Ra 
Rs   
MJM2 
Rs  
mm 
 
January 
 
February 
 
March 
 
April 
 
May 
 
June 
 
July 
 
August 
 
September 
 
October 
 
November 
 
December 
 
12.382 
 
11.655 
 
12.000 
 
12.445 
 
12.745 
 
12.918 
 
12.818 
 
12.545 
 
12.173 
 
11.800 
 
11.455 
 
11.282 
 
10.1 
 
10.3 
 
9.7 
 
9.9 
 
10.0 
 
8.4 
 
7.6 
 
7.8 
 
8.4 
 
9.6 
 
10.5 
 
10.2 
 
0.89 
 
0.88 
 
0.81 
 
0.80 
 
0.78 
 
0.65 
 
0.59 
 
0.62 
 
0.69 
 
0.81 
 
0.91 
 
0.90 
 
0.445
 
0.440
 
0.405
 
0.400
 
0.390
 
0.325
 
0.295
 
0.310
 
0.345
 
0.405
 
0.455
 
0.450
 
0.705 
 
0.690 
 
0.655 
 
0.650 
 
0.645 
 
0.575 
 
0.545 
 
0.561 
 
0.595 
 
0.655 
 
0.705 
 
0.700 
 
30.083
 
33.228
 
36.173
 
38.028
 
38.327
 
38.008
 
38.008
 
37.963
 
36.737
 
34.010
 
30.765
 
29.102
 
20.908 
 
22.927 
 
23.694 
 
24.754 
 
24.721 
 
21.855 
 
20.714 
 
21.293 
 
21.858 
 
22.277 
 
21.689 
 
20.371 
 
8.5 
 
9.4 
 
9.7 
 
10.1 
 
10.1 
 
8.9 
 
8.5 
 
8.7 
 
8.9 
 
9.1 
 
8.8 
 
8.3 
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Table 10. Calculation of evapotranspiration (ETp) for the long-term 
ALFashir Meteorological station for the period 1961-1990. 
  
Month 
T  
Means 
T Tx−  
oC 
Rs  
mm 
ETp     
mm 
 
January  
 
February  
 
March  
 
April  
 
May  
 
June  
 
July  
 
August  
 
September  
 
October 
  
November 
  
December 
 
19.7 
 
21.7 
 
25.6 
 
28.1 
 
30.1 
 
30.7 
 
30.7 
 
27.8 
 
27.5 
 
27.5 
 
23.2 
 
20.2 
 
27.5 
 
29.5 
 
33.4 
 
35.9 
 
37.9 
 
38.5 
 
36.8 
 
35.6 
 
35.3 
 
35.3 
 
31.0 
 
28.0 
 
8.5 
 
9.4 
 
9.7 
 
10.1 
 
10.1 
 
8.9 
 
8.5 
 
8.7 
 
8.9 
 
9.1 
 
8.8 
 
8.3 
 
5.7 
 
6.7 
 
7.8 
 
8.7 
 
9.2 
 
8.3 
 
7.5 
 
7.5 
 
7.6 
 
7.7 
 
6.6 
 
5.6 
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Appendix 7 Table24. Scheduling supplementary irrigation for sorghum growth 
in AL Fashir at 25,50 and 75% available water depletion levels in the first 
season (2006). 
Irrigation mm Date 
 Stage 25% 50% 75%
Rainfall
 
mm 
ETp
 
mm
Etc 
 
mm
UAW 
25% 
mm 
UAW 
50% 
mm 
UAW
75% 
mm 
19.7 Initial 29 58 87  7.5 2.6 29.0 58.0 87.0 
20.7 stage     7.5 2.6 26.4 55.4 84.4 
21.7     7.0 7.5 2.6 30.8 59.8 88.8 
22.7      7.5 2.6 28.2 57.2 86.2 
23.7      7.5 2.6 25.6 54.6 83.6 
24.7     0.5 7.5 2.6 23.5 52.5 81.5 
25.7     22.5 7.5 2.6 43.4 72.4 101.4
26.7      7.5 2.6 40.8 69.8 98.8 
27.7      7.5 2.6 38.2 67.2 96.2 
28.7      7.5 2.6 35.6 64.6 93.6 
29.7      7.5 2.6 33.0 62.0 91.0 
30.7      7.5 2.6 30.4 59.4 88.4 
31.7      7.5 2.6 27.8 56.8 85.8 
1.8      7.5 2.6 25.2 54.2 83.2 
2.8      7.5 2.6 22.6 51.6 80.6 
3.8     1.5 7.5 2.6 21.5 50.5 79.5 
4.8     4.5 7.5 2.6 23.4 52.4 81.4 
5.8     14.0 7.5 2.6 34.8 63.8 92.8 
6.8      7.5 2.6 32.2 61.2 90.2 
7.8      7.5 2.6 29.6 58.6 87.6 
8.8     1.0 7.5 2.6 25.0 54.0 83.0 
9.8 development.     7.5 5.6 19.4 48.4 77.4 
10.8 stage    45.8 7.5 5.6 59.6 88.6 117.6
11.8      7.5 5.6 54.0 83.0 112.0
12.8      7.5 5.6 48.4 77.4 106.4
13.8      7.5 5.6 42.8 71.8 100.8
14.8      7.5 5.6 37.2 66.2 95.2 
15.8     23.6 7.5 5.6 55.2 84.2 113.2
16.8     2.0 7.5 5.6 51.6 80.6 109.6
17.8     4.3 7.5 5.6 50.3 79.3 108.3
 
ETp= potential evapotranspiration,ETc=  crop evapotranspiration;  
UAW= usable available water. 
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Irrigation mm Date Stage 
25% 50% 75%
Rainfall 
 
Mm 
ETp 
 
mm 
ETc 
 
mm 
 
UAW 
25% 
mm 
UAW 
50% 
mm 
UAW 
75% 
mm 
18.8      7.5 5.6 44.7 73.7 102.7 
19.8      7.5 5.6 39.1 68.1 97.1 
20.8      7.5 5.6 33.5 62.5 91.5 
21.8     1.0 7.5 5.6 28.9 57.9 86.9 
22.8      7.5 5.6 23.3 52.3 81.3 
23.8      7.5 5.6 17.7 46.7 75.7 
24.8     3.5 7.5 5.6 15.6 44.6 736 
25.8     19.2 7.5 5.6 29.2 58.2 87.2 
26.8     2.5 7.5 5.6 26.1 55.1 84.1 
27.8      7.5 5.6 20.5 49.5 78.5 
28.8      7.5 5.6 14.9 43.9 72.9 
29.8     4.0 7.5 5.6 13.3 42.3 71.3 
30.8      7.5 5.6 7.7 36.7 65.7 
31.8      7.5 5.6 2.1 31.1 60.0 
1.9  29.0    7.6 5.7 25.4 25.4 54.4 
2.9      7.6 5.7 19.7 19.7 48.7 
3.9      7.6 5.7 14.0 14.0 43.0 
4.9      7.6 5.7 8.3 8.3 37.3 
5.9      7.6 5.7 2.6 2.6 31.6 
6.9     38.7 7.6 5.7 35.6 35.6 64.6 
7.9 Flowering     7.6 8.2 27.4 27.4 56.4 
8.9 Stage    1.2 7.6 8.2 20.4 20.4 49.4 
9.9      7.6 8.2 12.2 12.2 41.2 
10.9     6.2 7.6 8.2 10.2 10.2 39.2 
11.9      7.6 8.2 2.0 2.0 31.0 
12.9  29.0 58.0   7.6 8.2 22.8 51.8 22.8 
13.9      7.6 8.2 14.6 43.6 14.6 
14.9      7.6 8.2 6.4 35.4 6.4 
15.9  29.0  87.0  7.6 8.2 27.2 27.2 85.2 
16.9      7.6 8.2 19.0 19.0 77.0 
17.9      7.6 8.2 10.8 10.8 68.8 
18.9      7.6 8.2 2.6 2.6 60.6 
19.9  29.0 58.0   7.6 8.2 23.4 52.4 52.4 
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Irrigation mm Date Stage 
25% 50% 75%
Rainfall 
 
mm 
ETp 
 
mm 
ETc 
 
mm 
UAW 
25% 
mm 
UAW 
50% 
mm 
UAW
75% 
mm 
20.9      7.6 8.2 15.2 44.2 44.2 
21.9     5.0 7.6 8.2 12.0 41.0 41.0 
22.9      7.6 8.2 3.8 32.8 32.8 
23.9  29.0    7.6 8.2 24.6 24.6 24.6 
24.9      7.6 8.2 16.4 16.4 16.4 
25.9      7.6 8.2 8.2 8.2 8.2 
26.9  29.0 58.0 87.0  7.6 8.2 29.0 58.0 87.0 
27.9      7.6 8.2 20.2 49.8 78.8 
28.9      7.6 8.2 13.6 42.6 71.6 
29.9      7.6 8.2 5.4 34.4 63.4 
30.9  29.0   1.0 7.6 8.2 26.2 26.2 55.2 
1.10      7.7 8.3 17.9 17.9 46.9 
2.10      7.7 8.3 9.6 9.6 38.6 
3.10      7.7 8.3 1.3 1.3 30.3 
4.10  29.0 58.0   7.7 8.3 22.0 51.0 22.0 
5.10      7.7 8.3 13.7 42.7 13.7 
6.10      7.7 8.3 5.4 34.4 5.4 
7.10  29.0  87.0  7.7 8.3 26.1 26.1 84.1 
8.10      7.7 8.3 17.8 17.8 75.8 
9.10      7.7 8.3 9.5 9.5 67.5 
10.10      7.7 8.3 1.2 1.2 59.2 
11.10  29.0 58.0   7.7 8.3 21.9 50.9 50.9 
12.10      7.7 8.3 13.6 42.6 42.6 
13.10      7.7 8.3 5.3 34.3 34.3 
14.10  29.0    7.7 8.3 26.0 26.0 26.0 
15.10      7.7 8.3 17.7 17.7 17.7 
16.10      7.7 8.3 9.4 9.4 9.4 
17.10 Maturity     7.7 5.0 4.4 4.4 4.4 
18.10 stage 29.0 58.0 87.0  7.7 5.0 28.4 57.4 86.4 
19.10      7.7 5.0 23.4 52.4 81.4 
20.10      7.7 5.0 18.4 47.4 76.4 
21.10      7.7 5.0 13.4 42.4 71.4 
22.10      7.7 5.0 8.4 37.4 66.4 
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Irrigation mm Date stage 
25% 50% 75% 
Rainfall
 
Mm 
ETp
 
mm
ETc 
 
mm
UAW 
25% 
mm 
UAW 
50% 
Mm 
UAW 
75% 
mm 
23.10      7.7 5.0 3.44 32.4 61.4 
24.10  29.0    7.7 5.0 27.4 27.4 56.4 
25.10      7.7 5.0 22.4 22.4 51.4 
26.10      7.7 5.0 17.4 17.4 46.4 
27.10      7.7 5.0 12.4 12.4 41.4 
28.10      7.7 5.0 7.4 7.4 36.4 
29.10      7.7 5.0 2.4 2.4 31.4 
30.10  29.0 58.0   7.7 5.0 26.4 55.4 26.4 
31.10      7.7 5.0 21.4 50.4 21.4 
1.11      6.6 4.3 17.1 46.1 17.1 
2.11      6.6 4.3 12.8 41.8 12.8 
3.11      6.6 4.3 8.5 37.5 8.5 
4.11      6.6 4.3 4.2 33.2 4.2 
5.11  29.0  78.0  6.6 4.3 28.9 28.9 86.9 
6.11      6.6 4.3 24.6 24.6 82.6 
7.11      6.6 4.3 20.3 20.3 78.3 
8.11      6.6 4.3 16.0 16.0 74.0 
9.11      6.6 4.3 11.7 11.7 69.7 
10.11      6.6 4.3 7.4 7.4 65.4 
11.11      6.6 4.3 3.1 3.1 61.1 
12.11  29.0 58.0   6.6 4.3 27.8 56.8 56.8 
13.11      6.6 4.3 23.5 52.5 52.5 
14.11      6.6 4.3 19.2 48.2 48.2 
15.11      6.6 4.3 14.9 43.9 42.9 
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Appendix 8 Table25. Scheduling supplementary irrigation for sorghum 
growth in AL Fashir at 25,50 and 75% available water depletion levels in 
the second season (2007) 
Irrigation mm Date stage 
25% 50% 75%
Rainfall
 
mm 
ETp
 
mm
ETc 
 
mm
UAW 
25% 
mm 
UAW
50% 
mm 
UAW
75% 
mm 
15.7 Initial 29.0 58.0 87.0  7.5 2.6 29.0 58.0 87.0 
16.7 stage     7.5 2.6 26.4 55.4 84.4 
17.7     0.5 7.5 2.6 24.3 53.3 82.3 
18.7      7.5 2.6 21.7 50.7 79.7 
19.7      7.5 2.6 19.1 48.1 77.1 
20.7     7.8 7.5 2.6 24.3 53.3 82.3 
21.7      7.5 2.6 21.7 50.7 79.7 
22.7      7.5 2.6 19.1 48.1 77.1 
23.7     5.5 7.5 2.6 22.0 51.0 80.0 
24.7     7.0 7.5 2.6 26.4 55.4 84.4 
25.7     3.0 7.5 2.6 26.8 55.8 84.8 
26.7      7.5 2.6 24.2 53.2 82.2 
27.7      7.5 2.6 21.6 50.6 79.6 
28.7      7.5 2.6 19.0 48.0 77.0 
29.7     1.0 7.5 2.6 16.4 45.4 74.4 
30.7      7.5 2.6 14.8 43.8 72.8 
31.7     1.0 7.5 2.6 12.2 41.2 70.2 
1.8      7.5 2.6 10.6 39.6 68.6 
2.8     6.0 7.5 2.6 14.0 43.0 72.0 
3.8      7.5 2.6 11.4 40.4 69.4 
4.8 Development    10.6 7.5 5.6 16.4 45.4 74.4 
5.8 stage     7.5 5.6 10.8 39.8 68.8 
6.8     3.0 7.5 5.6 8.2 37.2 66.2 
7.8      7.5 5.6 2.6 31.6 60.6 
8.8  29.0    7.5 5.6 26.0 26.0 55.0 
9.8     1.0 7.5 5.6 21.4 21.4 50.4 
10.8     13.5 7.5 5.6 29.3 29.3 58.3 
11.8      7.5 5.6 23.7 23.7 52.7 
12.8      7.5 5.6 18.1 18.1 47.1 
13.8      7.5 5.6 12.5 12.5 41.5 
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Irrigation mm Date stage 
25% 50% 75%
Rainfall 
 
mm 
ETp 
 
mm 
ETc 
 
mm 
UAW 
25% 
mm 
UAW 
50% 
mm 
UAW
75% 
mm 
14.8      7.5 5.6 6.9 6.9 35.9 
15.8      7.5 5.6 1.3 1.3 30.6 
16.8  29.0 58.0   7.5 5.6 24.7 53.7 24.7 
17.8     16.0 7.5 5.6 35.1 64.1 35.1 
18.8      7.5 5.6 29.5 58.5 29.5 
19.8      7.5 5.6 23.9 52.9 23.9 
20.8      7.5 5.6 18.3 47.3 18.3 
21.8      7.5 5.6 12.7 41.7 12.7 
22.8     21.8 7.5 5.6 28.6 57.6 28.6 
23.8      7.5 5.6 23.0 52.0 23.0 
24.8     55.6 7.5 5.6 73.0 102.0 73.0 
25.8     17.6 7.5 5.6 85.0 114.0 85.0 
26.8     29.6 7.5 5.6 89.0 118.0 89.0 
27.8     30.0 7.5 5.6 113.4 142.4 113.4 
28.8      7.5 5.6 107.8 136.8 107.8 
29.8      7.5 5.6 102.2 131.2 102.2 
30.8      7.5 5.6 96.6 125.6 96.6 
31.8     16.5 7.5 5.6 107.5 136.5 107.5 
1.9     0.5 7.6 5.7 102.3 131.3 102.3 
2.9      7.6 5.7 96.6 125.6 96.6 
3.9 Flowering    9.4 7.6 8.2 97.8 126.8 97.8 
4.9 stage     7.6 8.2 89.6 118.6 89.6 
5.9     3.7 7.6 8.2 85.1 114.1 85.1 
6.9      7.6 8.2 76.9 105.9 76.9 
7.9      7.6 8.2 68.7 97.7 68.7 
8.9      7.6 8.2 60.5 89.5 60.5 
9.9     8.8 7.6 8.2 61.1 90.1 61.1 
10.9      7.6 8.2 52.9 81.9 52.9 
11.9      7.6 8.2 44.7 73.7 44.7 
12.9      7.6 8.2 36.5 65.5 36.5 
13.9      7.6 8.2 28.3 57.3 28.3 
14.9      7.6 8.2 20.1 49.1 20.1 
15.9      7.6 8.2 11.9 40.9 11.9 
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Date 
 
stage 
 
Irrigation mm 
Rainfall
 
mm 
ETp
 
mm
ETc 
 
mm
UAW 
25% 
mm 
UAW 
50% 
Mm 
UAW
75% 
mm 
16.9  25% 50% 75%  7.6 8.2 3.7 32.7 3.7 
17.9  29.0  87.0  7.6 8.2 24.5 24.5 82.5 
18.9      7.6 8.2 16.3 16.3 74.3 
19.9      7.6 8.2 8.1 8.1 66.1 
20.9  29.0 58.0   7.6 8.2 28.9 57.9 57.9 
21.9      7.6 8.2 20.7 49.7 49.7 
22.9      7.6 8.2 12.5 41.5 41.5 
23.9      7.6 8.2 4.3 33.3 33.3 
24.9  29.0    7.6 8.2 25.1 25.1 25.1 
25.9      7.6 8.2 16.9 16.9 16.9 
26.9      7.6 8.2 8.7 8.7 8.7 
27.9      7.6 8.2 0.5 0.5 0.5 
28.9  29.0 58.0 87.0  7.6 8.2 21.3 50.3 79.3 
29.9      7.6 8.2 13.1 42.1 71.1 
30.9      7.6 8.2 4.9 33.9 62.9 
1.10  29.0    7.7 8.3 25.6 25.6 54.6 
2.10      7.7 8.3 17.3 17.3 46.3 
3.10      7.7 8.3 9.0 9.0 38.0 
4.10      7.7 8.3 0.7 0.7 29.7 
5.10  29.0 58.0   7.7 8.3 21.4 50.4 21.4 
6.10      7.7 8.3 13.1 42.1 13.1 
7.10      7.7 8.3 4.8 33.8 4.8 
8.10  29.0  87.0  7.7 8.3 25.5 25.5 83.5 
9.10      7.7 8.3 17.2 17.2 75.2 
10.10      7.7 8.3 8.9 8.9 66.9 
11.10      7.7 8.3 0.6 0.6 58.6 
12.10  29.0 58.0   7.7 8.3 21.3 50.3 50.3 
13.10 Maturity     7.7 5.0 16.3 45.3 45.3 
14.10 stage     7.7 5.0 11.3 40.3 40.3 
15.10      7.7 5.0 6.3 35.3 35.3 
16.10      7.7 5.0 1.3 30.3 30.3 
17.10  29.0    7.7 5.0 25.3 25.3 25.3 
18.10      7.7 5.0 20.3 20.3 20.3 
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Irrigation mm  
Date 
 
stage 25% 50% 75%
Rainfall
 
Mm 
ETp
 
mm
ETc 
 
mm
UAW 
25% 
mm 
UAW 
50% 
mm 
UAW
75% 
mm 
19.10      7.7 5.0 15.3 15.3 15.3 
20.10      7.7 5.0 10.3 10.3 10.3 
21.10      7.7 5.0 5.3 5.3 5.3 
22.10      7.7 5.0 0.3 0.3 0.3 
23.10  29.0 58.0 87.0  7.7 5.0 24.3 53.3 82.3 
24.10      7.7 5.0 19.3 48.3 77.3 
25.10      7.7 5.0 14.3 43.3 72.3 
26.10      7.7 5.0 9.3 38.3 67.3 
27.10      7.7 5.0 4.3 33.3 62.3 
28.10  29.0    7.7 5.0 28.3 28.3 57.3 
29.10      7.7 5.0 23.3 23.3 52.3 
30.10      7.7 5.0 18.3 18.3 47.3 
31.10      7.7 5.0 13.3 13.3 42.3 
1.11      6.6 4.3 9.0 9.0 38.0 
2.11      6.6 4.3 4.7 4.7 33.7 
3.11      6.6 4.3 0.4 0.4 29.4 
4.11  29.0 58.0   6.6 4.3 25.1 54.1 25.1 
5.11      6.6 4.3 20.8 49.8 20.8 
6.11      6.6 4.3 16.5 45.5 16.5 
7.11      6.6 4.3 12.3 41.2 12.2 
8.11      6.6 4.3 7.9 36.9 7.9 
9.11      6.6 4.3 3.6 32.6 3.6 
10.11      6.6 4.3 - 28.3 - 
11.11      6.6 4.3 - 24.0 - 
  
 
 
  
